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Abstract 

The  Air  Force  Research  Lab  faced  some  challenges  regarding  their  Torsional  Split 
Hopkinson  (Kolsky)  Bar.  This  apparatus  is  used  to  measure  various  mechanical  properties  of 
materials  such  as  shear  stress  and  strain  at  high  strain  rates.  The  results  obtained  using  the 
torsional  Kolsky  bar  allow  for  the  improvement  and  development  of  military  equipment  such  as 
armor,  weaponry,  and  military  transportation  such  as  tanks  and  aircraft.  The  issues  with  the  Air 
Force  Research  Lab's  bar  manifest  in  experimental  testing  results  yielding  anomalies  in  the 
stress-strain  diagrams  due  to  lack  of  parabolic  increase.  These  faulty  results  are  due  to 
movement  of  the  specimen/bar  interface  during  the  propagation  of  the  torsional  wave. 

The  purpose  of  this  project  is  to  work  in  conjunction  with  the  Air  Force  Research  Lab  to 
conceptualize  and  ultimately  resolve  the  problems  encountered  with  the  Torsional  Split 
Hopkinson  Bar  (TSHB).  This  is  accomplished  by  eliminating  the  relative  motion  between  the 
specimen  and  the  bar  by  redesigning  the  specimen  placing  area  in  order  for  the  wave  to 
propagate  generating  correct  results. 


Introduction 


The  Torsional  Split  Hopkinson  Bar  is  a  piece  of  equipment  used  to  perform  testing  of 
materials  in  order  to  measure  mechanical  properties  by  generating  high  strain  rate  shear  stress- 
strain  data.  It  works  by  propagating  a  torsional  wave  through  an  incident  bar,  reaching  a 
specimen,  and  making  the  wave  load  the  specimen.  Once  the  specimen  is  loaded,  the  wave  is 
partially  reflected  back  and  is  partially  transmitted  through  the  transmitter  bar.  This  simplified 
version  of  the  process  has  as  its  objective  to  determine  the  load  and  deformation  history  of  the 
specimen  to  obtain  various  mechanical  properties  of  the  material  such  as  shear  stress  and 
strain. 


Problem  Statement 

The  problems  that  arise  with  the  Air  Force  Research  Lab's  (AFRL)  torsional  Kolsky  bar  are 
concentrated  in  the  area  where  the  specimen  is  located.  Currently,  the  setscrews  that  hold  the 
specimen  in  place  with  the  incident  and  transmitter  bars  do  not  have  enough  tension;  therefore 
relative  motion  in  the  specimen/bar  interface  is  present.  This  circumstance  is  why  anomalies 
are  present  in  the  data.  The  torsional  wave  that  propagates  through  the  apparatus  experiences 
an  irregularity  when  reaching  the  specimen. 

The  relative  motion  that  is  generated 
between  the  specimen  and  the  bar  causes 
the  torsional  wave  to  propagate  in  a  non- 
uniform  way.  This  kind  of  propagation 
produces  inaccurate  readings  in  the  gages. 

Ideally,  the  grip  region  of  the  sample 
and  the  bars  do  not  experience  any  motion 
of  one  relative  to  the  other  during  an 
experiment.  This  implies  that  the  torsional 
wave  propagates  in  a  uniform  way  and  the 
stress-strain  diagram  does  not  display 


perceptible  jumps. 


A  comparison  is  done  between  data  acquired  during  stress-strain  tests  by  the  AFRL  and 
NSWC.  The  stress-strain  graphs  are  obtained  from  tests  done  to  an  aluminum  specimen 
provided  by  NSWC.  It  can  be  seen  from  Figure  2  that  anomaly  is  present  in  the  diagram 
whereas  Figure  3  does  not  present  any.  The  root  of  the  problem  is  the  relative  motion  between 
the  specimen  and  the  bars,  creating  faulty  readings. 


Figure  2  Stress-Strain  Diagram  from  Egiin  Base 


Aluminum  Sample 


NSWC  Data  (August  10) 


Figure  3  Stress-Strain  Diagram  by  NSWC 


Motivation 

The  United  States  Air  Force  is  constantly  conducting  research  on  applications  and 
development  of  new  ordnance  and  aerospace  equipment.  These  researches  are  used  to 
improve  National  Security  and  support  Military  operations  in  order  for  United  States  soldiers  to 
have  a  better  defense  and  security. 

An  important  aspect  of  every  component  that  is 
used  in  the  military  is  the  material.  For  example,  an  aircraft 
must  be  designed  so  that  it  can  endure  different 
environments  and  situations,  creating  the  need  to  use 
strong,  yet  light  materials  in  order  to  be  more  efficient. 

From  the  same  token  is  the  design  of  missiles  with 
specifications  that  are  crucial  for  the  optimum  operation  of 
the  product.  Both  of  these  examples  require  material 
testing  to  comply  with  the  necessary  stipulations. 

Anything  from  ordnance  to  an  aircraft  can  benefit 
greatly  from  material  testing.  By  measuring  the  mechanical 
properties  of  materials,  the  United  States  Air  Force  can 
improve  the  performance  of  much  of  its  equipment. 


Figure  4  US  Air  Force  Deita  ii  Rocket  [7] 

Examples  of  the  military 
applications  that  benefit  from 
testing  with  the  torsional  Kolsky  bar 
can  be  seen  in  Figures  4  and  5. 


Figure  5  Air  Force  Massive  Ordnance  Air  Biast  Bomb  [6] 


Literature  Survey 

One  of  the  first  instances  regarding  the  use  of  a  technique  for  testing  material 
properties  with  the  use  of  a  bar  took  place  in  1949  when  Kolsky  created  the  split-Hopkinson  bar 
[1],  This  device  consisted  of  placing  a  specimen  between  two  cylindrical  bars  and  propagating  a 
pulse  through  it.  This  experiment  allowed  the  measurement  of  displacement  and  loads  that 
affected  the  specimen.  From  this,  Kolsky  proved  that  the  specimen  displayed  axial  stress  due  to 
the  wave  propagating  through  it,  and  that  the  magnitude  of  the  wave  that  is  reflected  back  is 
proportional  to  its  strain  rate  [1].  With  the  elastic  stress  waves  in  the  incident  and  transmitter 
bars,  Kolsky  determined  the  stress-strain  response  of  the  specimen  [2].  These  scientific 
advancements  demonstrated  the  benefits  of  using  this  type  of  experiment  to  measure 
mechanical  properties  of  materials.  Due  to  this,  in  1966,  Baker  and  Yew  developed  a  torsional 
Kolsky  bar  with  which  the  shear  stress  and  strain  were  measured  and  the  torsional  wave  was 
created  through  the  release  of  a  pre-twisted  clamped  section  of  an  elastic  bar  [1]. 

There  are  two  different  designs  of  clamps  to  be  used  in  the  torsional  Kolsky  bar.  Both  designs 
are  hydraulic  and  operate  in  the  same  manner. 


Pins 

(maraging 

steel) 


19-mm  (%-in.)  notched 
breaker  pin 
(aluminum) 


Steel  pad 
Hydraulic 


Fixed  Movable 

carriage 


Figure  6  Clamp  Designed  by  J.  Duffy  [1] 


The  clamp  used  by  the  Air  Force  Research  Lab  is  shown  in  Figure  7  designed  by  J. -Duffy. 
The  main  difference  between  these  two  bars  is  that  the  design  that  uses  the  C-clamp  is  self- 
adjusting  to  the  location  of  the  bar  and  arms  of  the  clamp  and  can  easily  adapt  to  whatever 
diameter  the  bars  have. 

In  addition,  there  are  two  different  methods  for  generating  the  torsional  wave  through 
the  incident  bar.  One  is  the  stored  torque  technique,  which  is  the  technique  that  the  Air  Force 
Research  Lab  employs  with  their  torsional  Kolsky  bar  and  is  thoroughly  described  in  this 
document.  The  alternate  technique  is  performed  by  means  of  explosive  loading  to  generate  the 
torsional  wave  by  simultaneously  detonating  two  explosives.  An  advantage  to  using  this 
technique  is  that  the  torsion  pulse  rise  time  is  as  much  as  three  times  lower  than  the  pulse  rise 
time  in  the  stored  torque  technique.  On  the  other  hand,  the  amplitude  of  the  created  torsional 
pulse  is  not  constant;  therefore  the  specimen  would  be  loaded  at  a  time-varying  strain  rate. 


Description 

The  torsional  Kolsky  bar  belonging  to  the  AFRL  is  composed  of  the  specimen,  two 
collinear  bars,  the  incident  and  transmitter  bars  respectively,  the  torque  cam,  the  clamp  and 
notched  breaker  pin,  various  bearings,  and  strain  gauges. 

Specimen 

The  specimen  is  located  between  the  two  collinear  bars  and  receives  and  partially 
reflects  the  torsional  wave,  responsible  for  loading  the  specimen  in  shear  at  high  rate.  The 
sample  is  most  frequently  made  of  materials  such  as  metals,  ceramics,  or  polymers.  The  gage 
section  of  the  specimen  is  a  thin  walled  tube  [2].  It  is  placed  between  hexagonal  flanges  with 
matching  sockets  in  order  to  provide  for  strong  mechanical  connections.  This  allows  for  the 
prevention  of  relative  motion  in  the  specimen/bar  interface.  Additionally,  the  specimen  is  held 
in  place  by  being  inserted  into  hex  pockets  located  in  both  bars  and  attached  by  set  screws  on 
both  of  its  ends.  As  can  be  seen,  the  current  geometry  and  configuration  were  carefully 
selected  to  avoid  loss  of  motion  between  the  specimen  and  the  bars  as  the  shear  stress  pulse 
passes  [1].  However,  this  has  not  yet  been  successful. 
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Figure  8  Torsional  Kolsky  Bar  Test  Specimen  [5] 

The  Bars 

Two  bars  compose  the  TSHB  assembly.  These  are  the  incident  and  the  transmitter  bars. 
The  first  is  responsible  for  generating  and  propagating  the  torsional  wave  that  reaches  the 
specimen.  When  this  occurs,  the  wave  loads  the  specimen  and  is  partially  reflected  back  to  the 
incident  bar  and  partially  transmitted  to  the  transmitter  bar,  the  second  bar.  Material 
composition  may  vary  but  the  AFRL's  bars  are  made  of  aluminum.  They  are  set  in  place  by 
bearings  that  are  locked  in  a  position  that  keeps  the  bars  aligned,  allowing  them  to  rotate 
freely.  Both  bars  contain  at  their  ends  a  hexagonal  slot  (hex  pocket)  in  which  the  specimen  is 
attached  [2]. 

Torque  Wheel  and  Clamp 

This  section  of  the  bar  is  concerned  with  the  initiation  of  the  torsional  wave  that  takes 
place  by  the  sudden  release  of  stored  torque  [1].  This  occurs  by  first  generating  the  torque  with 
the  torque  wheel  by  twisting  the  incident  bar  with  the  use  of  a  hydraulic  hand  pump  and  a 
cylinder.  Secondly,  this  torque  is  stored  with  the  use  of  the  clamp  which  holds  the  bar  from 
rotating.  The  clamp  is  placed  together  with  a  notched  breaker  pin,  responsible  for  keeping  the 


clamp  tightened,  preventing  motion  from  the  twisted  input  bar.  The  pin  breaks  when  too  much 
pumping  hydraulic  oil  to  the  cylinder  takes  place  [2],  This  causes  the  release  of  the  stored 
torque  so  that  a  shear  stress  pulse  can  propagate  through  the  bar. 


Conceptual  Designs 

The  following  designs  constitute  initial  ideas  towards  eliminating  the  motion  present  in 
the  specimen/bar  interface  when  the  shear  stress  pulse  is  propagated.  These  options  involve 
redesigning  the  section  of  the  bar  in  which  the  specimen  is  placed. 

Six  Jaw  Chuck 

The  chuck  falls  in  the  category  of  clamps,  which  have  different  variations.  They  are  used 
to  hold  objects  that  usually  have  some  sort  of  rotation  along  its  axis.  Since  the  object  that  is 
being  held  is  a  hexagonal  cylinder  with  radial  symmetry,  the  chuck  that  is  being  described  is 
self-centering  with  six  jaws,  corresponding  to  one  jaw  per  face  of  the  specimen. 


Figure  9  Conceptual  Six  Jaw  Chuck  -  Isometric  View 


The  six-jaw  chuck  as  shown  in  Figure  9  is  to  be  implemented  in  both  the  incident  and 
transmitter  bars.  One  option  is  welding  or  cementing  the  chuck  to  the  bars.  Alternatively,  the 
bars  on  the  Torsional  Split  Hopkinson  bar  can  also  be  remanufactured  in  order  for  the  chuck 
and  the  bars  to  be  a  one-piece  component. 


In  the  same  manner,  there  are  different  possibilities  on  how  the  chuck  can  be  driven, 
these  usually  work  by  mechanical  means,  using  a  screw  to  tighten  or  loosen  the  jaws.  A 
pneumatic  or  hydraulic  component  can  also  be  considered  as  means  to  drive  the  chuck  to 
prevent  motion  of  the  specimen. 

Figures  10  and  11  show  the  six-jaw  chuck  in  a  top  and  side  view. 


Figure  10  Conceptual  Six  Jaw  Chuck  -  Top  View 
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Figure  11  Conceptual  Six  Jaw  Chuck  -  Side  View 

A  collet,  which  follows  the  same  concept  as  the  six  jaw  chuck  was  contemplated,  but 
initial  analysis  proved  it  was  not  going  to  work.  This  is  because  it  tugs  and  pulls  the  faces  of  the 
specimen,  creating  an  actual  load,  which  would  give  faulty  results. 

Specimen  Vise  Hoider 

A  vise  is  a  mechanical  apparatus  developed  to  hold  pieces  down  while  work  is 
performed  on  them.  There  are  several  configurations  for  vises,  but  the  most  common  one  is  the 
bench  vise.  The  way  vises  work  is  by  having  one  of  the  jaws  fixed  and  a  parallel  one  moving 
towards  or  away  from  the  fixed  jaw  by  a  screw.  Given  that  the  geometrical  figure  is  in  a 
hexagonal  shape,  the  jaws  of  the  vise  are  modified  to  grip  each  surface  of  the  hexagonal 
specimen,  as  is  shown  in  Figures  12  and  13. 
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Figure  12  Conceptual  Hexagonal  Vise  -  Top  view 


Figure  13  Conceptual  Hexagonal  Vise  -  Isometric  View 

The  scheme  is  to  either  have  the  hexagonal  vise  welded  to  both  the  incident  and  the 
transmittance  bars  or  to  remanufacture  the  bars  to  include  the  hexagonal  vise. 
Remanufacturing  would  reduce  the  amount  of  moving  parts  due  to  welding. 


Proposed  Design 

Detailed  analysis  of  the  designs  that  can  be  implemented  in  the  Torsional  Split 
Hopkinson  bar  allowed  for  the  development  of  a  new  design,  resulting  in  the  configuration 
depicted  in  Figure  14.  The  purpose  of  incorporating  this  proposed  solution  into  the  torsional 
Kolsky  bar  is  so  the  bar/specimen  interface  does  not  experience  relative  motion  during  tests. 

The  design  of  the  functional  prototype  is  similar  to  the  original  equipment  that  is  used 
by  the  Air  Force  Research  Lab.  In  order  to  eliminate  possible  discrepancies  in  the  data 
acquisition,  the  prototype  is  scaled  down  with  enough  space  between  the  pillow  blocks  to  place 
strain  gages  in  each  bar. 


Figure  14  Proposed  Design 
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The  scale  for  the  prototype  is  1/16  of  the  original  architecture.  It  is  essential  for  the 
prototype  to  be  as  small  as  possible  to  have  accurate  results  in  the  tests  making  the  analysis 
reliable.  At  the  same  time,  having  a  smaller  prototype  permits  performing  multiple  tests  on 
different  bar  configurations. 

An  important  aspect  of  the  prototype  is  that  the  tests  are  going  to  be  conducted  in  a 
static  environment  as  opposed  to  the  original  architecture  of  the  bar,  which  performs  dynamic 
tests.  What  this  means  from  an  operation  standpoint  is  that,  for  static  tests,  the  far  end  of  the 
transmitter  bar  is  fixed  while  the  incident  bar  slowly  rotates  [13]. 

Additionally,  both  the  incident  and  transmitter  bars  will  have  different  configurations 
regarding  the  placement  of  the  set  screws.  The  AFRL's  configuration  has  six  set  screws  per  bar 
that  support  the  hexagonal  specimen  (one  screw  on  each  face).  The  desired  configuration 
consists  of  each  bar  having  12  set  screws.  At  the  same  time,  a  middle  ground  between  6  and  12 
set  screws  is  tested  and  analyzed  to  compare  the  variations.  Detailed  drawings  of  the  6  set 
screws  and  the  12  set  screws  configurations  are  presented  in  Appendix  A. 


Figure  15  Design  of  12  Set  Screws  -  isometric  View 


Figure  16  Design  of  12  Set  Screws  -  Side  View 


As  can  be  seen  in  Figure  15,  the  design  of  the  specimen/bar  interface  is  similar  to  the 
current  configuration  used  by  the  AFRL.  The  main  difference  with  this  proposed  concept  is  that 
two  set  screws  restrain  each  of  the  six  faces  of  the  hexagonal  shaped  specimen,  whereas  the 
current  design  contains  only  one  set  screw  per  face  of  the  specimen.  The  addition  of  an  extra 
set  screw  per  face  will  contribute  to  eliminate  the  relative  motion  that  exists  when  the  stress 
pulse  propagates  through  the  bar.  This  modification  is  to  be  implemented  in  both  the  incident 
and  transmitter  bars. 

There  are  several  factors  that  contribute  to  the  selection  of  the  design  in  Figure  15 
rather  than  the  conceptual  designs  from  the  previous  section.  The  six  jaw  chuck  configuration 
contains  many  internal  components  and  moving  pieces  and  may  result  complicated  to 
manufacture  since  the  diameter  of  both  the  incident  and  transmitter  bars  is  equal  to  1  inch.  In 
addition,  all  these  moving  pieces  may  be  contributing  to  the  problem  rather  than  solving  it. 
Evaluation  shows  that  there  may  even  be  relative  motion  between  the  bar  and  specimen, 
causing  the  torsional  wave  not  to  propagate  fully,  dissipating  some  of  its  energy  along  the  way. 
Similarly,  the  hexagonal  vise  presents  similar  issues;  the  torsional  wave  will  not  reach  the 
specimen  in  its  full  capacity  because  of  the  different  moving  pieces  involved  with  its 
configuration.  Furthermore,  significant  modification  must  be  made  to  the  bars  in  order  to 
incorporate  any  of  the  conceptual  designs  into  the  apparatus  and  this  may  worsen  the  problem. 


Project  Management 
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Figure  17  Project  Gantt  Chart 

The  Gantt  chart  in  Figure  17  serves  as  an  organizational  tool  to  set  dates  and  durations  for  the 
different  tasks  involved  in  the  Senior  Design  Project.  The  report  submissions  as  well  as  presentations  for 
each  semester  are  included  since  they  represent  important  milestones  in  the  project.  The  beginning  of 
the  project  is  marked  by  research  and  literature  survey.  As  time  progresses,  the  tasks  become  more 
engineering  oriented  and  involve  structural  analysis  as  well  as  prototype  planning.  In  order  to  comply 
with  the  objectives  for  the  design,  development,  and  testing  of  the  prototype  all  the  steps  necessary  are 
set  in  the  chart  and  assigned  a  starting  and  ending  date.  This  permits  for  prioritizing  of  goals  and  aids  in 
meeting  deadlines. 

The  distribution  of  responsibilities  results  in  working  with  the  strengths  of  each  team  member  in 
order  to  efficiently  achieve  tasks  and  milestones.  Lorraine  Fuentes  was  the  predominant  liaison  with  the 
AFRL  while  Camilo  Trujillo  worked  with  purchase  orders  and  manufacturers  and  the  Jonathan  Gomez- 
Leon  interacted  with  the  machining  department.  Regarding  project  responsibilities,  all  members 
performed  research;  however  each  team  member  specialized  in  a  specific  task  such  as  the  report,  the 
design,  and  the  simulation  and  engineering  analysis. 
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Commercialization  of  the  final  product  is  not  a  goal  for  this  project  since  the  work  performed 
during  the  time  period  outlined  in  Figure  17  is  for  an  entity  of  high  National  security  that  does  not 
consider  sharing  their  test  designs.  As  a  matter  of  fact,  the  designs  and  models  developed  belong  to  the 
AFRL  and  will  be  used  at  their  discretion  for  materials  testing. 
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Engineering  Analysis 

The  Torsional  Split  Hopkinson  bar,  as  an  apparatus  for  testing  materials,  requires  certain 
analysis  in  order  to  better  understand  the  experimental  results  and  obtain  the  necessary  values 
regarding  shear  stress  and  strain.  As  with  any  stress  problem,  there  are  three  considerations 
that  must  be  taken  into  account,  geometry,  boundary  conditions  or  loading,  and  material 
response.  These  considerations  form  part  of  the  analysis  required  with  the  torsional  Kolsky  bar 
since  they  characterize  the  end  results.  Each  variation  in  any  causes  alterations,  especially 
because  they  are  interrelated.  The  following  analysis  established  how  stress,  strain,  and  strain 
rate  are  calculated,  as  well  as  how  the  entire  process  behind  the  bar  yields  results  regarding 
mechanical  properties  of  materials.  Also,  relative  motion  is  further  explained  to  better 
understand  this  phenomenon. 


Relationships  with  the  Bars 

The  torsional  wave  that  is  propagated  through  the  bar  is  characterized  by  a  series  of 
relationships.  For  instance,  an  elastic  wave  experiences  a  relationship  between  the  torque,  T 
and  the  angular  velocity  6,  denoted  in  equation  1. 


Equation  1 


Where  p  is  the  density,  J  is  the  polar  moment  of  inertia,  and  c  is  the  torsional  wave  speed.  Also, 
one  can  relate  the  torque  with  the  yield  stress  of  the  material,  as  seen  in  equation  2;  where  r  is 
the  radius  of  the  bar. 


T 


Equation  2 


A  third  equation  is  generated  by  introducing  the  shear  modulus  of  elasticity,  G  since 
c  =  y[(G  /  p).  This  is  done  by  substituting  the  torque  into  the  second  equation. 


6  = 


Equation  3 


This  third  equation,  allows  one  to  compare  various  materials  for  the  bars.  This  is 
important  since  two  options  for  bar  material  are  aluminum  and  titanium.  A  higher  angular 
velocity  is  achieved  if  the  material  of  the  bar  has  high  yield  stress  and  low  density  shear 
modulus  [1].  These  guidelines  are  best  followed  by  titanium;  nonetheless  difficulty  arises  when 
producing  a  pulse  with  amplitude  sufficiently  high  for  the  shearing  stress  to  reach  the  yield 
stress  of  the  titanium  [1]. 

Test  Specimens 

The  specimen  shape  currently  in  use  by  the  AFRL,  as  displayed  in  Figure  18,  is  a  thin- 
walled  tube  placed  between  hexagonal  flanges,  inserted  in  matching  hexagonal  sockets  at  the 
ends  of  the  incident  and  transmitter  bars.  This  insertion  is  complimented  with  set  screws  along 
the  flanges  of  the  specimen  that  maintain  the  connection  with  the  bar  in  place.  Experiments 
show  that  this  configuration  prevents  relative  rotation  of  the  specimen  and  the  bar.  However,  it 
is  the  AFRL's  case  that  when  using  specimen  materials  with  high  flow  stress,  relative  motion  in 
the  specimen/bar  interface  is  present.  This  is  not  simply  resolved  by  using  cemented 
connections  because  it  is  not  a  practical  solution  and  it  does  not  work  with  high  flow  stress 
materials.  Another  note  on  the  geometry  of  the  specimen  is  that  it  is  a  short  tube.  This  allows 
for  a  homogenous  state  of  strain  to  be  obtained  after  a  few  reflections  of  the  loading  pulse 
from  the  ends  of  the  specimen  [1]. 


A 


Figure  18  AFRL  Tubular  Specimen  with  Hexagonal  Flange  [5] 

Measuring  the  Shear  Pulses 

The  shear  stress  pulse  that  propagates  through  the  incident  and  transmitters  bars  needs 
to  be  measured  to  know  the  history  load  and  deformation  of  the  specimen.  This  is 
accomplished  through  the  use  of  strain  gages  located  at  three  different  points.  A,  B,  and  C, 
along  the  bar.  Points  A  and  B  correspond  to  the  midpoints  of  the  input  and  output  bars 
respectively.  Point  C,  on  the  other  hand,  is  located  between  the  torque  wheel  and  the  clamp.  At 
each  point,  there  are  four  strain  gages  placed  in  pairs,  connected  in  a  Wheatstone  bridge  circuit 
[1].  The  pairs  of  gages  are  placed  so  that  one  pair  faces  the  other  and  each  gage  is  oriented  at  a 
45°  angle  to  the  axis  of  the  bars  [2].  Only  the  shear  strains  are  measured  due  to  the  orientation 
of  the  gages.  The  strain  gage  bridge  at  point  C,  measures  the  applied  stored  torque  to  the  bar. 

Stress,  Strain,  and  Strain  Rate 

The  purpose  of  utilizing  the  Torsional  Split  Hopkinson  Bar  is  to  obtain  the  measurements 
from  the  strain  gages  and  be  able  to  incorporate  these  results  to  calculate  the  desired 
properties  that  are  stress,  strain,  and  strain  rate.  The  following  procedure  and  equations  dictate 
how  these  properties  are  determined  in  a  full-scale  test  for  a  Torsional  Split  Hopkinson  Bar. 

The  average  shear  strain  rate  in  the  specimen  as  a  function  of  time  is  given  in  equation  4. 


Equation  4 


Ks  =  r[Si(0  -  s^w] 


where  is  the  radius  of  the  specimen,  Lg  is  the  length  of  the  specimen,  and  6^,  62  are  the 
angular  velocities  of  the  ends  of  the  specimen.  Also,  the  strain  rate  of  the  specimen  as  a 
function  of  strain  of  reflected  pulse  is  obtained  by  equation  5. 

]4(t)  =  rr  Equation  5 

'b 


However,  if  one  wishes  to  determine  the  strain  rate  at  a  time  t,  then  equation  6  must  be 
implemented. 

l4(t)  =  rr  -  K4(t  -  +  2tB)  -  KsCt  +  tg)  -  7c(t  +  tc)  Equation  6 

'b 


The  shear  strain  in  the  specimen  is  determined  by  following  equation  7. 

Ks(t)  =  Equation  7 


Lastly,  to  calculate  the  shear  stress  of  a  thin  walled  tube,  equation  8  is  employed. 


Grl 

4r.?tc 


Y 


Equation  8 


In  order  to  obtain  results  for  stress  and  strain  when  a  torsional  test  is  performed  with 
the  prototype  built  for  this  project  another  set  of  equations  must  be  employed.  This  is  because 
only  two  strain  gages  are  utilized  at  the  midpoints  of  the  incident  and  transmitter  bars.  Also,  a 
relationship  between  voltage,  time,  and  shear  strain  needs  to  be  established  since  the 
experimental  data  is  acquired  in  terms  of  time  and  voltage.  Equation  9  gives  this  relationship 
for  a  Full-Bridge  Type  I  configuration,  which  uses  four  active  gages  with  adjacent  gage  pairs 
subject  to  equal  and  opposite  strains  [18]. 


Equation  9 


E 


-Vr 

GF 


where  e  is  strain  in  the  form  of  micro-strain,  GF  is  the  gage  factor,  and  14-is  best  understood  in 
equation  10. 

Vr  ^  strained~^  unstrained  n  -ir\ 

f  — -  Equation  10 


where  V^tratned  Corresponds  to  the  voltage  when  strain  is  being  applied,  Vy^j^sf-rained  is  an  initial 
offset  voltage,  and  is  the  bridge  excitation  voltage.  For  purposed  of  this  project,  Vy^gf-rained 
equals  zero. 


Once  the  strain  is  known,  it  is  possible  to  apply  equation  11  to  calculate  the  shear  strain  Yxy 
present  in  the  system. 

Yxy  i^^xy  ^yx)  ^^xy  Equation  11 

The  strain  rate  and  shear  stress  calculations  are  performed  using  equations  5  and  8 
(page  21)  respectively. 

Structural  Analysis 

Analysis  for  the  complete  assembly  of  the  prototype  dictates  the  functionality  of  the 
design  of  the  model  and  proper  understanding  of  the  equations  driving  these  experimental 
tests.  More  attention  is  given  to  the  specimen  since  the  test  results  of  stress-strain  data 
determine  if  relative  motion  is  present  and  thus  if  the  design  is  successful  or  not.  The  structural 
analysis  consists  in  simulating  various  configurations  (designs  of  12,  10,  8,  and  6  set  screws)  to 
compare  them  and  verify  which  design  is  best. 

The  idea  is  to  provide  the  Air  Force  Research  Lab  with  a  design  for  a  complete  set  of 
bars,  incident  and  transmitter,  with  the  proposed  design  already  incorporated.  Ideally,  the 
location  of  the  strain  gages  would  not  need  any  modification  since  sizing  remains  unchanged. 


Regardless  of  which  selection  is  made,  material  options  for  the  bar  must  be  considered  as 
mentioned  in  the  previous  section. 

The  design  is  tested  by  means  of  a  prototype  to  be  discussed  in  future  sections.  It  is 
important  to  note  that  an  issue  arises  when  using  a  model;  being  that  the  distance  between  the 
gage  station  and  the  specimen  must  be  enough  so  no  abnormality  is  present  when  measuring 
the  data.  Abnormality  may  be  the  interference  or  overlap  of  the  incident  and  reflected  pulses 
[1].  Studies  to  represent  this  phenomenon  follow. 

In  order  for  the  torsional  wave  that  is  propagating  through  the  bar  not  to  undergo 
reflection,  the  mechanical  impedance  of  any  mechanical  connection  device  must  be  equal  to 
the  mechanical  impedance  of  the  bars.  In  other  words,  the  product  of  density,  speed  of  wave 
and  polar  moment  of  inertia  must  remain  constant  between  the  bar  and  the  connection  device 
[1]. 


A  structural  study  is  performed  to  the  bar,  specimen,  and  set  screws  in  the  form  of 
manual  calculations  to  prove  the  functionality  of  the  prototype  and  its  ability  to  sustain  the 
testing  loads  and  understand  their  behavior.  These  values  are  also  compared  with 
computational  results. 

Behavior  of  Bars 


Table  1  Initial  Parameters  for  Bars 


Torque 

T 

600  in  lb 

Length 

L 

6  in 

Second  Polar  Moment 

J 

A.OSxlO'^-S  inM 

Shear  Modulus 

G 

3770  kpsi 

Yield  Strength 

sy 

40000  psi 

The  angle  of  twist  in  the  elastic  range  is  given  by  equation  12. 

TL 

0  =  —  Equation  12 


The  maximum  shearing  strain  is  calculated  with  equation  13. 


Equation  13 


_  r<p 
Ymax  ~  ~r 


The  torque  on  the  bars, 


The  torque  at  yielding  strength  is  given  by. 


Equation  14 


Equation  15 


The  maximum  stress  at  the  applied  torque  is  determined  following  equation  16. 


Tr 


Equation  16 


Very  importantly,  is  the  calculation  of  the  von  Mises  stress,  obtained  by  applying  equation  17. 


o-'  =  (o-x  +  = 


4P 

nd'^ 


T  = 


16T 

nd^ 


Equation  17 


Lastly,  the  factor  of  safety  for  the  bars  is  obtained  by  means  of  equation  18. 


n  = 


Equation  18 


The  results  for  the  structural  study  of  the  bar  are  represented  in  Table  2. 


Table  2  Calculations  for  the  Bars 


0 

0.00972  rad 

0 

0.557  deg 

Ymax 

8.1xl0''-4 

Tut 

736.27  ft.lb 

T 

ly 

654.46  ft.lb 

^max 

3058.10  psi 

^x 

0 

T 

3055.77  psi 

a' 

5292.75  psi 

n 

7.55 

Behavior  of  the  Specimen 

Table  3  Initial  Parameters  for  Specimen  of  300m  Steel 


Torque  Applied 

T 

600  in. lb 

Specimen  Length 

L 

0.100  in 

Second  Polar  Moment 

J 

6.733xlOM  inM 

Shear  Modulus 

G 

11600  kpsi 

Specimen  Radius 

c 

0.2  in 

Shear  Strength 

^max 

30000  psi 

The  angle  of  twist  for  the  specimen  is  calculated  following  equation  19. 


0  =  - 
^  JG 


Equation  19 


The  shear  stress  at  the  applied  torque  is  obtained  with  equation  20. 


T  = 


Tc 


Equation  20 


Lastly,  the  maximum  torque  is  obtained  following  equation  21. 


T  = 

^max 


Equation  21 


The  results  for  the  structural  study  of  the  specimen  are  represented  in  Table  4 


Table  4  Calculations  for  the  Specimen 


0 

0.440  deg 

0 

0.00768  rad 

T 

178.3  kpsi 

T 

^max 

8.41ft.lb 

Behavior  of  the  Set  Screw 

Table  5  Initial  Parameters  for  a  Set  Screw  of  Alloy  Steel 


Length 

L 

0.003  in 

Diameter 

D 

0.112  in 

Force 

P 

2135.23  Ibf 

Area 

A 

0.0098  in''2 

Modulus  of  Elasticity 

E 

30457925  psi 

Yield  Strength 

s 

Uy 

89984.6  psi 

The  deformation  of  each  set  screw  is  given  by  equation  22. 


5  =  —  Equation  22 


The  strain  exhibited  by  each  screw  is  determined  using  equation  23. 


p 

f  =  —  Equation  23 


The  stress  is  calculated  by  equation  24. 


<7  —  Ee 


Equation  24 


The  factor  of  safety  for  the  set  screws  is  given  by, 

n  =  —  Equation  25 

at 

where  the  Von  Mises  stress,  o',  is  given  by  Equation  26 

,  32M 

a  =  — 7  Equation  26 

nd^ 

The  results  for  the  structural  study  of  a  set  screw  are  represented  in  Table  6. 


Table  6  Calculations  for  a  Set  Screw 


s 

2.135  *  10“^  in 

s 

0.007117 

a 

21.677  *  10^  psi 

n 

2.05 

M 

6.0405  in. lb 

a' 

43794.43  psi 

By  the  results  displayed  in  Table  6,  it  can  be  observed  that  the  deformation  of  the  set 
screws  under  the  load  to  be  applied  will  generate  a  deformation  not  large  enough  to  give  an 


anomaly  reading  in  the  data.  Therefore  these  deformations  can  be  neglected.  At  the  same  time, 
the  factor  of  safety  of  the  setscrews  is  greater  than  1,  meaning  that  the  set  screws  are  not 
going  to  experience  failure  during  the  experiments. 


Finite  Element  Analysis 

A  finite  element  analysis  is  performed  to  the  prototype  assembly,  the  setscrews,  and 
specimen  to  simulate  a  torsional  test  and  obtain  results  for  resultant  displacement,  von  Mises 
stress,  and  strain.  This  gives  some  insight  and  allows  for  a  comparison  between  the  simulations 
and  calculations.  Additionally,  the  results  determine  how  much  torsion  the  bar  configuration 
can  sustain  and  how  it  is  affected  when  loads  are  applied.  This  same  concept  applies  to  the 
specimen  and  the  setscrews,  even  though  it  is  expected  that  the  specimen  fails  and  fractures. 
The  idea  behind  this  analysis  is  to  obtain  a  preview  of  what  can  occur  during  actual  testing  of 
the  prototype.  The  simulations  also  serve  as  a  guide  for  determining  which  configuration 
experiences  the  least  amount  of  relative  motion.  Computational  analyses  were  performed 
using  SolidWorks  for  static  studies. 

The  simulations  for  the  prototype  corresponds  to  a  torsional  load  of  600  lb-in.  applied  to 
the  each  face  of  the  specimen  on  opposite  directions.  The  setscrews  that  attach  the  specimen 
to  the  hex  pocket  are  also  simulated  and  resist  5  lb-in  torque  and  an  axial  force  of  90  lb.  For  this 


case,  an  axial  force  of  50  lb  was  applied  per  set  screw.  Figure  19  is  a  view  of  the  prototype  and 
specimen  with  the  loads  for  the  simulation.  Aluminum  6061  alloy  was  the  material  used  for  the 
bars  and  its  characteristics  are  summarized  in  Table  9. 


Figure  19  Simulation  Loads 
Table  7  Study  Information  for  Simulation 


Study  name 

Stress 

Analysis  type 

Static 

Mesh  type 

Solid  Mesh 

Thermal  Effect: 

On 

Thermal  option 

Include  temperature  loads 

Zero  strain  temperature 

298  Kelvin 

Include  fluid  pressure  effects  from 
SolidWorks  Flow  Simulation 

Off 

Solver  type 

FFEPIus 

Inplane  Effect: 

Off 

Soft  Spring: 

Off 

Inertial  Relief: 

Off 

Incompatible  bonding  options 

More  accurate  (slower) 

Large  displacement 

Off 

Compute  free  body  forces 

On 

Friction 

Off 

Use  Adaptive  Method: 

Off 

Table  8  Mesh  Information 


Mesh  type 

Solid  Mesh 

Mesher  Used: 

Standard  mesh 

Automatic  Transition: 

Off 

Include  Mesh  Auto  Loops: 

Off 

Jacobian  points 

4  Points 

Element  Size 

0.0862817  in 

Tolerance 

0.00431408  in 

Mesh  Quality 

High 

Remesh  failed  parts  with  incompatible  mesh 

Off 

Table  9  Material  Properties  of  the  Bar 


Name: 

6061  Alloy 

Model  type: 

Linear  Elastic  Isotropic 

Default  failure  criterion: 

Unknown 

Yield  strength: 

7999  psi 

Tensile  strength: 

17997  psi 

Elastic  modulus: 

10000  ksi 

Poisson's  ratio: 

0.33 

Mass  density: 

0.0975  lb/in''3 

Shear  modulus: 

3770  ksi 

Thermal  expansion  coefficient: 

2.4e-005  /Kelvin 

Table  10  Material  Properties  of  Each  Set  Screw 


Name: 

Alloy  Steel 

Model  type: 

Linear  Elastic  Isotropic 

Default  failure  criterion: 

Unknown 

Yield  strength: 

89985  psi 

Tensile  strength: 

104982  psi 

Elastic  modulus: 

30457925  psi 

Poisson's  ratio: 

0.28 

Mass  density: 

0.27818015  lb/in''3 

Shear  modulus: 

11458  ksi 

Thermal  expansion  coefficient: 

1.3e-005  /Kelvin 

Displacement  Study 

A  study  was  devoted  to  the  analysis  of  resultant  displacement  in  order  to  calculate  how 
much  the  specimen  moves  inside  the  hex  pocket  during  a  torsional  test.  This  is  important 
because  it  determines  if  the  provided  design  is  successful  or  not  since  a  grand  displacement 
signifies  relative  motion.  The  displacement  analysis,  along  with  those  for  von  Mises  stress  and 
strain,  were  performed  to  the  different  configurations  of  set  screws  (12, 10,  8,  and  6  set  screws) 
in  order  to  compare  them  and  establish  which  is  more  promising.  It  is  expected  that  the  design 
with  12  set  screws  will  provide  better  results  since  it  offers  the  most  surface  contact  with  the 
specimen,  diminishing  the  possibility  of  relative  motion  during  the  propagation  of  a  shear  pulse. 


Table  11  Displacement  Results  for  All  Configurations 


Type  of  Configuration 

Min. 

Max. 

12  Set  Screws 

0  in 

0.0202732  in 

10  Set  Screws 

0  in 

0.0206292  in 

8  Set  Screws 

0  in 

0.0212136  in 

6  Set  Screws 

0  in 

0.0205572  in 

URES  Cin) 

.  2.027e-002 
1.858e-002 
.  1.889e-002 
1.S20e-002 
1.352e-002 
1.183e-002 
.  1.014e-002 
.  8.447e-003 
6.758e-003 
.  5.068e-003 

I  3.3796-003 
1 .8896-003 
3.9376-032 


Figure  20  Displacement  Study  for  12  Set  Screws  -  Front  View 
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URES  (in) 

2.063e-002 
WL  1.891e-002 


I 


1.719e-002 
1 .5476-002 
1 .3756-002 
1 .2036-002 
1.0316-002 
8.5956-003 
6.876e-003 
5.1576-003 
3.4386-003 
1.7196-003 
3.9376-032 


Figure  21  Displacement  Study  for  10  Set  Screws  -  Front  View 


Model  name:  Assem  8  set  screws 
Study  name;  Stress 

Plot  type;  Static  displacement  Displacemenil 
Deformation  scale:  29.9336 

URES  (in) 

2.121e-002 
WL  1.945e-002 
^  .  1.768e-002 

.  1.591e-002 
.  1.414e-002 
.  1.237e-002 
,  1.061e-002 
.  8.839e-003 
.  7.071  e-003 
.  5.303e-003 
.  3.536e-003 
1.768e-003 
U.  3.937e-032 


Figure  22  Displacement  Study  for  8  Set  Screws  -  Front  View 


Figure  23  Displacement  Study  for  6  Set  Screws  -  Front  View 


The  simulation  plots  (Figures  20-23)  reveal  how  much  the  specimen  moves  when  a 
torsional  load  is  applied.  This  occurs  even  though  the  set  screws  are  applying  a  force  to  restrain 
this  motion  from  taking  place.  The  importance,  however,  is  to  see  with  which  configuration  of 
set  screws  there  is  the  least  amount  of  displacement.  Table  11  displays  the  computational 
results  for  the  minimum  and  maximum  displacements  and  it  is  possible  to  determine  that  the 
configuration  of  twelve  set  screws  reveals  the  least  amount. 

For  all  other  simulation  studies  refer  to  Appendix  C. 

Set  Screw  Study 

A  simulation  is  performed  to  the  set  screw  since  it  is  a  major  component  in  the 
prevention  of  motion  between  the  specimen  and  the  bar.  Computational  analyses  were  carried 
out  to  obtain  results  for  shear  stress,  principal  stress,  resultant  displacement,  between  several 
others.  These  characteristics  allow  determining  how  much  load  the  set  screw  can  sustain  and 
what  occurs  when  a  torsional  load  is  applied.  For  purposes  of  this  study,  the  set  screw  was 


modeled  as  a  pin  since  an  actual  set  screw  is  too  difficult  to  simulate  with  the  entire  prototype 
assembly. 


A  resultant  displacement  study  reveals  that  the  setscrew  moves  a  maximum  of 
0.000227606  in.  and  this  is  present  in  the  face  that  is  in  contact  with  the  specimen. 


Model  name;  pin-screw 
Study  name:  Study  1 

Plot  type:  Static  displacement  Displacementt 
Deformation  scale:  46.2972 


URES  (in) 


I 

I 

I 


4.0506-004 
3.712e-004 
3.3758-004 
3.037e-004 
2.700e-004 
2.362e-004 
2.025e-004 
1 .687e-004 
1 .350e-004 
1.012e-004 
6.750e-005 
3.375e-005 
3.937e-032 


Figure  24  Displacement  Study  for  a  Set  Screw 

Specimen  Study 

A  simulation  of  the  torsional  test  is  performed  to  the  specimen  to  understand  the 
effects  of  the  applied  torsion.  The  specimen  suffers  a  great  deal  of  distortion,  which  leads  to 
failure  and  fracture.  Figures  25-27  represent  studies  of  stress,  displacement,  and  strain.  It  can 
be  seen  that  most  of  the  stress  and  strain  are  concentrated  in  the  center  of  the  specimen, 
which  is  the  thinnest  section  of  the  piece.  Due  to  how  thin  the  middle  is,  the  specimen 
experiences  failure  there. 
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Model  name:  specimen 

Study  name:  Study  1 

Plot  type:  Static  nodal  stress  Stressi 

Deformation  scale:  3.02961 


Model  name:  specimen 
Study  name:  Study  1 

Plot  type:  Static  displacement  Displacementi 


von  Mises  (psi) 

1  2,027.602.3 
1,858,638.6 
1,689,674.9 
1,520,711.1 
1 ,351 .747.4 
1,182,783.6 
1,013,819.9 
844,856.2 
675,692.4 
,  506,928.7 
337,965.0 
H  169,001.2 
Q  37.5 

Yield  strength:  230,000.0 


Figure  25  Von  Mises  Stress  Study  for  Specimen 


URES  On) 

I2.143e-002 
1 .964e-002 
1 .786e-002 
1 .607e-002 
1 .429e-002 
1 .250e-002 
1.071e-002 


8.928e-003 


I 


7.143e-003 
5.357e-003 
3.571  e-003 
1 .7866-003 
3.937e-032 


Figure  26  Resultant  Displacement  Study  for  Specimen 


Model  name:  specimen 
Study  name:  Study  1 
Plot  type:  Static  strain  Straint 
Deformation  scale:  3.02961 


ESTRN 


I.  4.239e-002 
.  3.768e-002 

I  3.298e-002 
2.827e-002 
2.357e-002 
1.886e-002 
.  1.416e-002 

B  9.453e-003 
4.749e-003 
4.387e-005 


Figure  27  Strain  Study  for  Specimen 

Bar  Study 

A  simulation  is  also  performed  to  the  actual  bars  used  in  the  prototype  to  analyze  their 
properties  in  order  to  verify  that  they  can  withstand  the  testing  loads  and  torsion.  Results  are 
obtained  for  von  Mises  stress,  resultant  displacement,  and  strain,  which  are  characteristics 
considered  vital  in  the  understanding  of  the  prototype.  Results  show  that  the  maximum  results 
for  von  Mises  stress  is  65590.3  psi,  the  resultant  displacement  is  0.00209  in.  and  the  maximum 
strain  is  0.00165.  These  results  show  that  the  bar  can  withstand  the  experimental  loads. 


Model  name:  bar-1 2  •  study 

Study  name:  Study  2 

Plot  type:  Static  nodal  stress  Stressi 


von  Mises  Cpsi) 


I 

I 

I 


65.590.3 

60.124.6 
54,659.0 

49.193.3 

43.727.7 
38,262.0 

32.796.4 

27.330.8 
21 ,865.1 

16.399.5 

10.933.8 
5,468.2 

2.5 


— ►  Yield  strength:  230,000.0 


Figure  28  Von  Mises  Stress  Study  for  Bar 
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Model  name:  bar-1 2  •  study 
Study  name:  Study  2 
Plot  type:  Static  strain  Straini 


Figure  29  Resultant  Displacement  Study  for  Bar 


ESTRN 


1 .652e-003 
1.514e-003 


I 


1 .376e-003 
1 .2396-003 
1.101e-003 
9.635e-004 
8.259e-004 
6.882e-004 
5.506e-004 
4.1 30e-004 
2.753e-004 
1 .3776-004 
8.8896-008 


Figure  30  Strain  Study  for  Bar 


Prototype 

The  prototype  serves  as  a  means  to  test  the  solution  to  the  relative  motion  present  in 
the  Torsional  Split  Hopkinson  Bar  during  high  strain-rate  testing  of  materials.  The  simplified 
working  model  of  the  AFRL's  Kolsky  bar  includes  the  key  components  (incident  and  transmitter 
bars,  hexagonal  pocket,  setscrews,  strain-gages,  and  pillow  blocks).  This  model  is  utilized  for 
specimen  testing  to  obtain  data  from  which  conclusions  can  be  made  regarding  the  elimination 
of  relative  motion.  The  following  information  describes  the  various  selections  for  the 
development  of  a  prototype  and  assembly  process. 

Assembly 

The  functional  prototype  with  which  all  the  tests  are  going  to  be  conducted  was  built 
with  commercial  components.  The  majority  of  the  components  were  obtained  through 
McMaster-Carr  Supply  Company,  with  the  exception  of  the  strain  gages  purchased  from  Micro- 
Measurements,  Inc. 

The  base  of  the  prototype  is  a  steel  structure  made  by  the  process  of  mold  casting.  It  is 
important  for  this  base  to  be  supportive  enough  to  withstand  all  the  loads  that  the  apparatus  is 
going  to  be  subjected  to.  This  base  is  where  the  pillow  blocks  are  going  to  be  attached  as  shown 
in  Figure  31.  The  threaded  holes  are  spaced  according  to  the  prototype  dimensions  and  those 
of  the  pillow  blocks.  Refer  to  Appendix  A  for  the  detailed  drawings  for  all  of  the  prototype 
components. 


The  pillow  blocks  used  to  mount  the  incident  and  transmitter  bars  are  cast  iron  based- 
mounted  Babbitt-lined  bearing  split,  for  1  in.  shaft  diameter  (Figure  32).  With  these  pillow 
blocks,  the  shafts  are  able  to  rotate  freely  and  provide  support  throughout  the  tests.  In  order  to 
fix  the  transmitter  bar,  it  is  necessary  to  adjust  the  pillow  block  on  the  far  right  end  of  the 
model. 


In  the  same  manner,  the  corresponding  screws  to  attach  the  pillow  blocks  to  the  base 
are  selected.  These  screws  are  black-oxide  alloy  steel  socket  head  cap  screws  with  5/16-18 
thread  and  1-3/8  in.  length. 


Figure  33  Screws  for  Pillow  Blocks 


strain  Gages 

The  equipment  for  obtaining  the  measurement  of  the  shear  pulse  consists  of  a  series  of 
strain  gages  connected  in  a  Wheatstone  bridge  type  circuit.  The  TSHB  has  a  total  of  three  strain 
gage  circuits.  Two  are  connected  at  the  midpoints  of  the  incident  and  transmitter  bars  and  they 
measure  the  transmitted  and  reflected  shear  pulse.  The  remaining  circuit  is  connected  between 
the  torque  wheel  and  the  clamp  and  is  responsible  for  the  measurement  of  the  applied  torque 
to  the  bar.  The  way  each  Wheatstone  bridge  circuit  is  connected  is  by  working  in  pairs.  The  first 
pair  is  connected  diametrically  on  the  axis  of  the  bar,  one  strain  gage  is  45°  from  the  axis  and 
the  other  is  -45°.  The  second  pair  of  strain  gages  is  connected  in  the  same  manner  but  in  the 
opposite  direction  of  the  bar  (facing  down). 

An  alternate  method  for  connecting  these  circuits  is  needed  to  adapt  the  testing 
procedure  with  the  prototype.  This  is  because  the  testing  model  will  be  reduced  in  size  and 
certain  modifications,  such  as  the  way  the  torque  is  applied  and  how  the  bars  are  placed,  also 
take  place.  Due  to  this,  the  shear  pulse  must  be  measured  correctly  as  it  propagates  through 
the  entire  model.  In  order  for  this  to  occur,  adequate  strain  gages  that  comply  with  operating 
temperature,  test  duration,  and  strain  gage  resistance  need  to  be  selected. 

Prior  to  selecting  these  devices,  it  was  decided  that  rather  than  three  sets  of  strain 
gages,  only  two  would  be  implemented.  This  choice  is  due  to  the  size  reduction  of  the  Kolsky 
bar  model.  Two  sets  of  strain  gages,  one  in  each  of  the  midpoints  of  the  incident  and 
transmitter  bars,  will  measure  the  torsional  wave  that  is  released  from  the  torque  wrench 
reaching  the  specimen  and  reflecting  back  through  the  bar.  The  use  of  two  sets  also  allow  for 
the  conversion  of  experimental  data  to  stress  vs.  strain  curves  for  each  test  made. 

One  of  the  main  tasks  regarding  strain  gages  is  making  sure  they  are  properly  connected 
to  the  bar  configuration.  This  action  can  result  being  difficult  since  they  have  to  be  placed  at  a 
particular  angle  and  welding  needs  to  take  place  to  make  proper  connections.  All  of  these 
alterations  not  only  may  affect  testing  results,  but  can  contribute  to  the  fatigue  of  these 
devices.  In  order  to  avoid  this,  a  kit  of  strain  gages  was  selected  in  which  the  gages  already 
come  in  pairs  at  the  necessary  angles  (45°  and  -45°).  The  type  of  strain  gage  selected  is  a 


shear/torque  rosette  of  model  CEA-06-187UV-350  that  provides  ideal  functionality  for  the 
desired  testing  technique  and  fits  into  the  configuration  due  to  is  0.187  in.  length.  This  CEA 
series  is  used  for  general  stress  analysis  purposes.  "These  polyimide  encapsulated  constantan 
gages  feature  large,  rugged,  copper-coated  tabs.  This  construction  provides  optimum  capability 
for  attaching  lead  wires  directly  to  the  tabs,  eliminating  the  need  for  separate  terminals"  [16]. 
The  selected  type  of  gage  has  a  range  of  operating  temperatures  and  a  gage  factor  that  allow 
its  use.  Additionally,  the  strain  gage  resistance  of  350  Ohms  aids  in  the  decrease  of  heat 
generation,  reduction  of  lead  wire  effects,  or  the  improvement  of  signal  to-noise  ratios  in  the 
gage  circuit  [16]. 

Prior  to  mounting  the  strain  gages  to  the  prototype,  a  procedure  for  installing  them 
must  be  followed  to  ensure  proper  function.  The  steps  to  do  this  include  measuring  the  location 
of  the  gages  and  surface  preparation,  where  the  surface  of  bar  is  degreased,  abraded  with  a 
grinder  and  a  conditioner,  and  neutralized  to  bring  the  surface  to  an  optimum  alkalinity.  This  is 
followed  by  mounting  the  gages  and  applying  a  bonding  agent  and  an  adhesive  (glue). 

Refer  to  Appendix  B  for  parts  information. 

Material  Selection 

Selecting  the  right  material  for  the  incident  and  transmitter  bars  also  dictates  the 
success  of  this  project  since  the  torsional  wave  propagates  through  that  medium.  The  most 
common  materials  used  for  this  application  (Kolsky  bar)  are  aluminum,  steel,  and  titanium.  Bars 
made  of  aluminum  are  easy  to  use  and  will  work  for  most  applications.  What  makes  aluminum 
one  of  the  recurrent  materials  for  this  application  is  its  low  shear  modulus  and  low  density, 
which  allow  for  greater  angular  velocity  in  order  to  provide  for  a  more  elastic  torsional  wave. 

Another  option  is  bars  made  of  titanium,  which  is  a  material  that  produces  a  high 
angular  velocity;  however  it  is  difficult  to  produce  a  desired  elastic  torsional  wave  due  to  the 
high  shearing  stress.  Titanium  allows  for  the  testing  of  materials  with  high  flow  stress,  for 
instance  different  steels.  However,  to  obtain  proper  results  the  torque  needs  to  be  recalculated 
and  increased  to  reach  an  appropriate  angular  velocity  for  the  experiment  [1].  Although 
titanium  has  great  qualities  such  as  an  elevated  strength-to-weight  ratio  and  possesses  a  high 


melting  point  (higher  than  3,000°F),  it  results  difficult  to  work  with  and  is  of  elevated  cost  in 
comparison  to  other  materials.  When  comparing  titanium  with  aluminum,  the  latter  produces  a 
higher  angular  velocity  with  a  less  amount  of  torque  and  provides  for  a  wide  variety  of  grades 
to  select  from  [2], 

Due  to  the  analysis  of  the  materials  mentioned  previously,  anodized  aluminum  6061-T6 
is  the  material  that  can  provide  the  desired  results  for  the  application  in  question  since  it 
provides  medium  to  high  strength  requirements.  This  is  a  standard  structural  alloy  and  contains 
magnesium  and  silicon.  Additional  properties  pertaining  to  this  material  are  its  great  resistance 
to  corrosion  and  its  versatility  as  a  heat-treatable  alloy,  not  to  mention  that  it  possesses  good 
toughness  characteristics  [9].  Additionally,  the  desired  6061  alloy  is  anodized,  which  means  that 
there  is  an  additional  layer  of  protection.  Lastly,  aluminum  6061  provides  good  machinability 
characteristics  and  is  easily  welded.  Given  that  it  is  a  softer  material  and  can  be  obtained  in  the 
specific  dimensions  (established  by  the  AFRL)  directly  from  the  supplier,  it  results  in  being  a 
convenient  option.  Table  12  summarizes  the  properties  for  the  aluminum  6061  alloy. 


Table  12  Material  Properties  of  6061-T6  Aluminum  Alloy  [12] 


6061-T6  Aluminum 


Physical  and 
Mechanical 
Properties 

Density,  Ib/in3 

0.0975 

Ultimate  Tensile  Strength,  psi 

45,000 

Yield  Strength,  psi 

40,000 

Brinell  Hardness 

95 

Rockwell  Hardness 

B60 

Shear  Strength,  psi 

30,000 

Shear  Modulus,  Ksi 

3,770 

Modulus  of  Elasticity,  Ksi 

10,000 

Elongation  at  Break 

12% 

Poisson's  Ratio 

0.33 

Chemistry 

Aluminum  (Al) 

95.8  -  98.6% 

Chromium  (Cr) 

0.04  -  0.35% 

Copper  (Cu) 

0.15-0.40% 

Iron  (Fe) 

0.70% 

Magnesium  (Mg) 

0.8  - 1.2% 

Manganese  (Mn) 

0.15%  max 

Silicon  (Si) 

0.4  -  0.8% 

Zinc  (Zn) 

0.25% 

Set  screw  Selection 

Once  the  material  for  the  Kolsky  bar  has  been  established,  it  is  possible  to  begin  the 
process  of  selecting  the  set  screws  that  will  provide  the  best  surface  contact  possible  while 
fitting  into  the  configuration  and  can  withstand  the  testing  conditions.  The  criteria  for  screw 
selection  mainly  consist  on  the  material,  the  dimensions  (diameter  and  length),  and  the 
threading  of  the  piece.  Whichever  set  screw  is  selected,  must  be  flat  ended  rather  than  pointy 
or  sharp,  since  this  allows  for  better  surface  contact  with  the  specimen,  therefore  reducing 
relative  motion  in  this  interface. 

A  set  screw  is  one  of  the  various  types  of  screws  available  and  it  is  characterized  by 
being  threaded  along  its  entire  length.  It  is  commonly  used  to  prevent  a  shaft  from  rotating  [9]. 
In  this  case,  set  screws  are  used  to  secure  the  specimen  from  moving. 

As  previously  established,  the  desired  screw  must  be  of  flat  point.  The  selection  process 
begins  by  focusing  on  flat  point  hex  socket  set  screws,  which  are  very  good  when  making 
adjustments  frequently.  Additionally,  set  screws  barely  cause  damage  if  any  to  the  surface  they 
make  contact  with. 

The  first  factor  to  take  into  consideration  is  the  dimension.  This  is  because  a  relatively 
large  screw  diameter  allows  for  a  small  tolerance  between  them,  weakening  the  bar.  This  is 
especially  true  when  dealing  with  two  set  screws  per  face  of  the  hexagonal  pocket  (12  set 
screws  configuration).  Analysis  of  the  available  dimensions  gives  forth  to  the  selection  of  a 
diameter  of  0.112  in.  This  size  is  small  enough  to  fit  two  setscrews  per  hexagonal  face. 

The  following  criterion  for  screw  selection  is  the  material.  Focus  is  given  to  choosing  a 
material  that  can  be  obtained  in  the  necessary  dimensions  and  is  of  desirable  properties.  A  very 
good  option  is  steel  since  it  offers  resistance  to  corrosion  and  provides  strength,  however  one 
selects  an  alloy  steel,  in  this  case  it  will  be  black-oxide  alloy  steel.  Stainless  steel  was  not 
selected  because  the  strength  is  considerably  less  than  alloy  steel  [9]. 

Threading  is  also  a  factor  when  selecting  screws,  however  for  the  purposes  of  this  model, 
this  characteristic  is  not  predominant.  The  selection  is  based  on  the  thread  in  which  the 


previous  constraints  are  satisfied.  The  thread  results  to  be  a  3A  thread  fit,  specifically  #4-40. 


The  selection  process  must  be  done  following  a  hierarchy  in  order  to  guarantee  that  the 
essential  criteria  are  satisfied.  The  rest  are  selected  among  the  best  of  the  available  options. 
Due  to  this  the  choice  is  self-locking  black  alloy  steel  screws.  These  can  be  reused  and  have  a 
nylon  patch  on  the  threads  that  keeps  them  from  vibrating  loose. 

Torque  Wrench 

In  order  to  be  able  to  conduct  the  test  the  torsion  needs  to  be  applied  in  the  incident 
bar  and  is  characterized  by  its  rise  in  time,  shape,  amplitude,  and  duration.  The  most  common 
method,  used  by  AFRL,  is  to  generate  the  torsional  wave  as  a  rapid  release  of  stored  torque. 
Such  torsion  is  produced  by  a  rotating  wheel,  attached  at  the  end  of  the  incident  bar  with  a 
hydraulic  system  of  cable  and  pulleys  that  applies  a  pure  couple  to  the  wheel.  By  using  the 
torque  wheel,  the  stored  torque  is  deficient  of  any  bending  moment  or  axial  force  that  may 
create  a  disturbance  on  the  torsional  wave.  Once  the  torque  is  produced  it  is  stored  between  a 
tightened  clamp  and  the  loading  end  of  the  bar  (Figure  34)  [1]. 


Figure  34  Torque  Wheel  and  System  of  Pulleys  [8] 


For  purposes  of  the  prototype,  the  torsional  wave  is  generated  by  means  of  a  torque 
wrench  rather  than  a  torque  wheel.  The  use  of  a  torque  wrench  will  in  turn  eliminate  the  need 
of  the  clamp  mechanism  to  store  the  torque,  since  the  torque  wrench  will  precisely  apply  the 
amount  of  torque  needed. 

Torque  wrenches  are  most  used  to  tighten  screws  and  bolts  with  the  right  amount  of 
tension  and  loading  to  meet  proper  specifications  of  any  particular  application.  There  are 
different  types  of  such  wrenches  that  may  be  used  for  the  prototype  of  the  Kolsky  bar;  these 
include  the  beam,  electronic  wrenches,  and  click  types. 

The  beam  type  wrenches  are  the  simplest  of  the  torque  wrenches.  This  mechanism 
consists  of  a  long  lever  arm  between  the  handle  and  the  wrench  head,  made  of  a  material, 
which  bends  elastically  in  response  to  the  applied  torque.  A  second,  smaller  bar  with  an  integral 
mechanical  indicator  is  also  connected  to  the  head;  this  is  never  subjected  to  torque  and  thus 
maintains  a  constant  position  with  respect  to  the  head.  When  no  torque  is  applied  to  the  lever 
arm,  the  indicator  rests  parallel  to  the  lever  arm.  A  calibrated  scale  is  fitted  to  the  handle  so 
that  an  applied  torque  and  an  associated  bending  of  the  main  lever  cause  the  scale  to  move 
under  the  indicator.  When  the  desired  torque  is  reached  as  shown  by  the  indicator,  the 
operator  stops  applying  force  [15]. 

Electronic  torque  wrenches  obtain  the  measurements  with  a  strain  gage  attached  to  the 
torsion  rod.  The  signal  generated  is  converted  by  the  transducer  to  the  required  unit  offeree 
(N-m,  Ibf-ft)  and  is  shown  on  the  digital  display.  A  number  of  different  readings  can  be  stored 
for  documentation  or  quality  assurance  purposes  [15]. 

The  click  type  torque  wrench  possesses  a  calibrated  clutch  mechanism,  which  allows  for 
a  better  method  to  produce  torque.  When  the  desired  torque  is  reached,  the  clutch  slips, 
transmitting  the  desired  torque  and  preventing  additional  tightening.  The  most  common  form 
consists  of  a  ball  detent  and  spring,  with  the  spring  preloaded  by  an  adjustable  screw  thread, 
calibrated  in  torque  units.  The  ball  detent  transmits  force  until  the  preset  torque  is  reached,  at 
which  point  the  force  exerted  by  the  spring  is  overcome  and  the  ball  clicks  out  of  its  socket.  This 
design  provides  greater  precision  and  a  positive  action  at  the  set  point  [15]. 
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Figure  35  Click  Type  Torque  Wrench  [15] 


The  click  type  torque  wrench  is  selected  for  the  prototype  since  it  gives  a  high  accuracy 
and  repeatable  action  without  recalibrating,  which  allows  for  continuous  testing  with  the  same 
settings.  Furthermore,  it  provides  a  push-button  socket  release  that  helps  latch  to  the  incident 
bar  to  prevent  the  creation  of  moments  or  axial  forces  during  testing. 

Dimensions 


Figure  36  Prototype  Dimensions 


The  Torsional  Split  Hopkinson  Bar  prototype  set-up  is  shown  in  Figure  36.  On  the  right- 
hand  side  is  located  the  incident  bar  which  has  a  dimension  of  6  in.  long  and  1  in.  in  diameter. 
In  addition,  the  incident  bar  sustains  the  torque  wrench  in  the  far  right  providing  the  input 


torsion  for  the  system.  The  transmittance  bar,  located  to  the  left,  has  the  same  dimensions  of 
the  incident  bar.  Both  bars  are  of  anodized  aluminum  6061  T6  alloy.  The  support  or  pillow 
blocks  are  cast  iron  base-mounted  bearings,  which  provide  high  strength  and  stability  with  low 
friction  qualities.  The  pillow  blocks  are  spaced  1.5  in.  from  each  other,  providing  sufficient 
space  to  house  the  gages.  There  are  two  pairs  of  strain  gages,  gages  A  and  B,  on  each  bar 
placed  3  in.  from  the  specimen. 

Machining 

Cutting  Tool  Selection 

The  success  in  metal  cutting  depends  on  the  selection  of  the  proper  cutting  tool  for  a 
given  work  material.  There  is  a  wide  variety  of  cutting  tools  of  different  range,  performance 
capabilities,  and  properties  that  can  be  used  to  machine  the  incident  and  transmittance  bars  of 
the  prototype.  The  most  common  materials  are  high  carbon  steels,  low/medium-alloy  steels, 
high-speed  steels,  cast  cobalt  alloys,  cemented  carbides,  cast  carbides,  coated  carbides,  and 
coated  high-speed  steels,  ranked  by  the  cutting  speed  used  to  machine  a  unit  volume  of 
material.  As  the  feed  rate  increases,  the  material  removal  proportion  increases  and  the  time 
required  decreases  [14]. 

The  most  important  aspects  of  the  machining  process  are  the  selection  of  the  cutting 
tool  material,  cutting  parameters,  and  tool  geometry.  All  of  these  considerations  influence  the 
productivity  of  the  machining  operation.  Some  of  the  elements  that  influence  the  tool  selection 
are: 

•  Work  material  characteristics,  hardness,  chemical  and  metallurgical  state 

•  Part  characteristics  (geometry,  accuracy,  finish,  and  surface-integrity  requirements) 

•  Machine  tool  characteristics,  including  the  work  holders  (adequate  rigidity  with 
high  horsepower,  and  wide  speed  and  feed  ranges) 

•  Support  systems  (operator's  ability,  sensors,  controls,  method  of  lubrication,  and 
chip  removal) 


In  most  machine  operations  the  cutting  speed  and  the  feed  rate  restrict  the  tool 
capacities.  It  is  necessary  to  keep  the  speed  low  enough  to  improve  the  tool  life;  otherwise 
productivity  is  compromised 

The  tool  selected  to  perform  the  cutting  application  for  the  prototype  is  1/8  in.  in 
diameter  and  is  made  of  high-speed  steel  which  retains  its  cutting  ability  at  temperatures  up  to 
1100°F  and  can  operate  at  higher  speeds  than  regular  steel  tools.  This  type  of  tool  is  made  out 
of  a  mix  of  vanadium  (1%),  chromium  (4%),  and  tungsten  (18%),  which  allows  for  the 
improvement  of  hardness  and  wear  resistance.  Tools  made  out  of  high-speed  steel  are  widely 
used  for  drills  and  many  types  of  general  purpose  milling  cutters. 

CNC  Machining 

The  adoption  of  computer  numerical  control  (CNC)  machines  has  been  the  most 
significant  development  in  the  last  60  years.  These  machines  increased  automation  and  an 
innovation  in  positional  feedback  as  well  as  programmable  flexibility  to  machine  products.  CNC 
machines  use  a  processing  language  to  control  the  movement  of  the  cutting  tool,  work  piece,  or 
both.  The  programs  contain  information  about  the  machine  tool  and  cutting  tool  geometry, 
part  dimensions  from  rough  material  to  finish  size,  and  machine  parameters  such  as  speed, 
feeds,  and  depth  of  the  cut.  This  type  of  equipment  can  duplicate  consecutive  parts  with  the 
same  quality  and  speed  as  the  first  try  [14].  Additionally,  CNC  machines  can  work  with 
accuracies  of  0.00005  in.  if  required,  but  most  machines  provide  accuracies  of  at  least  O.OOOlin. 
The  high  accuracy  and  precision  obtained  from  the  CNC  machines  improve  quality  and  minimize 
the  machine  repositioning.  The  CNC  fulfills  the  tolerances  required  to  produce  the  prototype 
bars,  producing  identical  bars,  improving  the  alignment  of  the  bars  and  the  specimen. 

In  order  to  be  able  to  create  the  hexagonal  pocket  in  which  the  specimen  is  placed,  it  is 
necessary  to  perforate  the  corners  to  extract  the  difficult  angle  corners  that  the  cutting  tool  is 
not  able  to  cut  out.  Alternatives  to  cutting  the  hexagonal  pocket  such  as  electrical  discharge 
machining  (EDM)  exist,  however  the  CNC  approach  is  more  suitable  for  the  cost-to-tolerance 
ratio  and  availability.  The  holes  on  the  bars  will  house  4-40  setscrews  to  hold  the  specimen.  The 


CNC  machine  will  provide  close  tolerances  to  accommodate  up  to  12  holes  for  setscrews  and 
have  enough  spacing  between  them  without  weakening  the  integrity  of  the  bars.  In  Figure  37 
the  tolerances  and  dimensions  for  the  hexagonal  pocket  and  set  screw  holes  are  shown. 


Figure  37  Hexagonal  Pocket  and  Setscrews  Dimensions  with  Tolerances 


Safety  Considerations 

One  is  one  too  many.  This  statement  denotes  the  importance  of  safety  and  striving  for  a 
zero  incidence  record.  Due  to  this,  certain  safety  considerations  are  taken  into  account  when 
handling  the  equipment  and  the  prototype.  When  testing,  a  protective  clear  shield  is  used  to 
prevent  pieces  of  shrapnel  from  reaching  the  person  carrying  out  the  experiment.  The  people 
present  in  the  testing  area  must  also  wear  protective  eyewear.  Additionally,  due  to  the  fact  that 
the  prototype  is  very  heavy,  special  care  is  needed  when  moving  it.  If  distances  are  longer  than 
3ft.  a  cart  should  be  used  to  transport  the  prototype.  When  lifting  it,  the  person  responsible 
should  square  their  bodies  and  bend  their  knees,  lifting  the  weight  with  their  legs  and  arms, 
rather  than  their  backs. 


Testing  and  Evaluation 

The  objective  behind  building  a  smaller  and  simplified  version  of  the  AFRL's  Torsional 
Split  Hopkinson  Bar  is  to  test  various  set  screw  configurations  and  conclude  if  the  proposed 
design  yields  no  anomaly  in  the  results.  In  other  words,  it  is  desired  to  perform  several  tests  and 
acquire  data  to  provide  accurate  stress-strain  diagrams  that  determine  if  there  is  relative 
motion  in  the  specimen/bar  interface.  However,  the  prototype  in  question  is  not  the  same  as 
the  one  used  by  the  Air  Force  Research  Lab,  and  certain  modifications  in  the  testing  procedure 
take  place.  These  alterations  are  needed  since  the  model  of  the  Kolsky  bar  is  smaller,  contains 
different  components,  the  torque  is  applied  manually  with  a  torque  wrench,  and  no  clamp  and 
pin  mechanism  is  involved. 

The  experimental  tests  involve  a  torsional  wave  propagating  through  the  incident  bar, 
reaching  the  specimen  and  loading  it  with  torque,  and  partially  transmitting  through  the 
transmitter  bar  as  well  as  partially  reflecting  back  to  the  incident  bar.  In  order  to  make  this 
possible  with  accurate  results,  the  prototype  designed  is  scaled  down  considerably  so  as  to 
reduce  the  amount  of  error.  The  source  of  error  for  the  reduction  in  size  is  represented  with 
the  base,  which  would  provide  less  stability  than  required  if  it  were  long.  The  prototype,  which 
consists  of  a  pair  of  aluminum  bars,  machined  to  have  hexagonal  pockets  on  one  end  of  each 
bar,  is  aligned  with  each  other  by  pillow  blocks.  These  are  attached  to  the  firm  and  steady  base 
with  the  pillow  block  set  screws.  It  is  important  to  specify  that  the  transmitter  bar  is  held  fixed 
while  the  incident  bar  is  allowed  to  rotate  freely.  This  is  considered  to  be  another  modification 
to  the  design  of  the  Kolsky  bar  since  the  clamp  and  pin  mechanism  is  not  employed  due  to  its 
complexity. 

Testing  Platform 

The  prototype  is  mounted  on  the  steel  structure,  attached  with  pillow  blocks.  This  holds 
the  foundation  of  the  testing  platform.  The  reason  the  base  is  utilized  is  to  provide  stability 
because  this  method  of  testing  is  highly  sensitive  to  motion.  This  is  the  complete  purpose 
behind  the  optimization  of  the  Torsional  Split  Hopkinson  Bar  of  the  AFRL. 


A  torque  wrench  is  the  means  by  which  torque  is  applied  to  the  system  in  the  form  of  a 
shear  pulse  propagating  through  the  model.  The  outside  end  of  the  incident  bar  contains  a 
pocket  that  allows  for  the  torque  wrench  to  be  introduced  (Figure  30).  Since  it  is  a  click  type 
torque  wrench,  the  desired  torque  is  selected  and  applied.  As  soon  as  the  torque  is  reached, 
the  wrench  "clicks". 

Preparation  for  a  torsional  test  with  the  prototype  involves  proper  equipment 
mounting.  The  bars  are  lubricated  to  minimize  friction  between  them  and  the  pillow  blocks.  The 
bars  are  then  placed  within  the  pillow  blocks  and  these  are  tightened  in  a  crisscross  manner  to 
ensure  equal  distribution  of  tightening  force.  The  last  pillow  block  holding  the  end  of  the 
transmitter  bar  needs  to  be  fully  tightened  to  make  that  bar  fixed  while  the  incident  bar  is 
allowed  to  rotate  freely.  The  specimen  requires  special  care  and  attention  since  it  is  sensitive  to 
motion  during  propagation  of  the  shear  stress  pulse.  The  specimen  needs  to  be  centered  in  the 
hexagonal  pocket  by  tightening  the  set  screws  in  a  crisscross  manner  as  with  the  pillow  blocks. 
This  method  is  best  since  there  are  a  large  number  of  screws.  Prior  to  beginning  testing  by 
applying  torque  to  the  incident  bar,  it  is  necessary  to  verify  that  the  transmitter  bar  is  actually 
fixed.  This  is  accomplished  by  applying  the  desired  amount  of  torque  to  the  transmitter  bar  and 
observing  there  is  no  motion  present. 

The  shear  pulse  that  propagates  through  the  bar  is  measured  by  strain  gages  connected 
in  a  full  Wheatstone  bridge  circuit.  The  circuitry  is  modified  by  including  an  inverting 
operational  amplifier  (model:  LM741  Operational  Amplifier)  that  alters  the  power  supply 
voltage  output.  This  is  needed  because  the  output  of  strain  gage  bridges  is  relatively  small.  The 
result  of  employing  an  inverting  op-amp  is  to  increase  the  resolution  of  measurements  and 
condition  the  signal  of  the  circuit.  The  resistors  used  suffice  a  ratio  A^,  which  corresponds  to  the 
amplification  of  the  signal  coming  from  the  strain  gage  bridge  as  seen  in  equation  12. 

1000 

Ap  =  —  =  -  Equation  27 

Another  device  utilized  in  the  strain  gage  circuit  was  an  RC  low-pass  filter  with  the 
purpose  of  reducing  high-frequency  noise  thus  obtaining  a  more  uniform  data  [19].  The 


characteristics  of  the  RC  low-pass  filter,  for  the  resistor  Rip  and  the  capacitor  Cpp,  are  as 
follows. 


Rpp  =  lOO/cfi  Cpp  =  O.ljuF 

By  following  equation  13,  it  is  possible  to  determine  the  cutoff  frequency  coq  of  the  filter. 

oJq  =  —  =  100^^^/^  Equation  28 

RC 

Similarly, 

fo—  —  =  15.9  Hz  Equation  29 


This  circuit  is  connected  to  a  power  supply  to  provide  for  the  excitation  voltage  and  the 
voltage  for  the  op-amp.  The  circuit  is  also  connected  to  an  oscilloscope  that  allows  the 
acquisition  of  experimental  data  with  a  visual  representation  of  the  test.  The  voltage  output  to 
the  strain  gages  is  adjusted  to  obtain  adequate  readings  [2].  The  oscilloscope  model  is  TDS 
2004B  and  its  settings  are  summarized  in  table  7.  Figure  38  is  a  schematic  of  the  circuit  built 
and  Figure  39  represents  the  testing  platform. 


Table  13  Oscilloscope  Testing  Settings 


Oscilloscope  Testing  Settings 

Record  Length 

2500  points 

Sample  Interval 

0.001  s 

Source 

CHI  and  CH2 

Vertical  Units 

Volts 

Vertical  Scale 

0.05 

Vertical  Offset 

1.206 

Horizontal  Units 

s 

Horizontal  Scale 

0.25 

Pt  Fmt 

Y 

Probe  Atten 

10 

Figure  38  Circuit  Diagram 


The  specimens  used  for  testing  are  of  the  dimensions  represented  in  Figure  18  (page 
19).  They  are  of  two  materials,  Eglin  base  steel  and  300m  reinforced  steel  alloy.  The  first  is  a 
material  developed  by  the  AFRL  and  several  of  its  properties  are  unavailable.  Tables  14  and  15 
represent  the  material  properties  of  these  two  steels.  Testing  of  the  specimens  was  performed 
by  applying  50  ft-lb  of  torque  for  both  materials  in  all  the  configurations.  This  amount  of  torque 
was  selected  because  the  specimens  have  a  maximum  torque  limit  before  fracture  (Table  4) 
and  this  was  enough  to  study  the  specimens  in  the  elastic  range.  Additionally,  the  torque 
required  to  break  from  the  static  position  was  determined  in  order  to  examine  the  loss  of 
torque  due  to  friction.  This  value  was  obtained  by  applying  a  force  with  a  spring  whose  constant 
was  known  and  determining  the  spring's  displacement.  This  value  multiplied  by  the  radius  of 
the  bar,  yields  the  torque  necessary  to  break  the  static  position  equal  to  0.00377  ft-lb.  This 
valued  resulted  so  small,  it  was  accounted  as  negligible  and  it  was  not  necessary  to  recalculate 
the  torque  needed  to  be  applied  during  testing.  Equation  30  gives  the  relationship  between  the 
torque  applied  and  the  torque  by  friction. 
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T.  Trotal  —  Tapplied  —  Tf  —  0 


Equation  30 


Figure  39  Testing  Piatform 


Table  14  Properties  of  Eglin  Base  Steel 


Eglin  Steel 


Mechanical  and 

Ultimate  Tensile  Strength,  psi 

224,500 

Physical 

Yield  Strength,  psi 

263,700 

Properties 

Rockwell  Hardness 

45.6 

Iron 

84.463-90% 

Carbon 

0.16-0.35% 

Manganese 

0.85% 

Silicon 

max.  1.25% 

Chromium 

max.  1.50-3.25% 

Molybdenum 

max.  0.55% 

Chemistry 

Nickel 

5.00% 

Tungsten 

0.70-3.25% 

Vanadium 

0.05-0.3% 

Copper 

0.50% 

Phosphorus 

impurity,  max.  0.015% 

Sulfur 

impurity,  max.  0.012% 

Calcium 

max.  0.02% 

Nitrogen 

impurity,  max.  0.14% 

Table  15  Properties  of  300M  Alloy  Steel 


300M  Alloy  Steel 


Physical  and 
Mechanical 
Properties 

Density,  Ib/cu.  in. 

0.283 

Ultimate  Tensile  Strength,  psi 

280,000 

Yield  Strength,  psi 

230,000 

Rockwell  Hardness 

CSS 

Shear  Strength,  psi 

30,000 

Shear  Modulus,  Ksi 

11,600 

Modulus  of  Elasticity,  Ksi 

29,700 

Elongation  at  Break 

7% 

Poisson's  Ratio 

0.28 

Chemistry 

Carbon 

0.38  -  0.46% 

Chromium 

0.7  -  0.9S% 

Iron 

Balance 

Manganese 

0.6  -  0.9% 

Molybdenum 

0.3  -  0.6S% 

Nickel 

1.6S  -  2% 

Phosphorus 

max  0.01% 

Silicon 

1.4S  - 1.8% 

Sulphur 

max  0.01% 

Vanadium 

min  0.0S% 

Test  Results  and  Data 

The  testing  procedure  involved  using  the  same  settings  and  parameters  for  all  the 
configurations  of  set  screws  in  order  to  establish  a  platform  for  comparison.  The  idea  behind 
this  is  to  prove  that  the  configuration  of  12  set  screws  is  the  best  design  since  it  reduces  the 
most  relative  motion  between  the  bar  and  specimen. 

Figures  40-43  represent  stress-strain  diagrams  for  each  of  the  four  bar  configurations 
after  torsional  tests  were  performed  to  the  prototype.  The  curves  are  representative  of 
experimental  data  in  the  form  of  time  and  voltage  that  has  been  analyzed  following  the 
equations  in  pages  21  and  22  to  obtain  shear  strain  and  stress.  The  specimen  materials  used  for 
6,  8, 10,  and  12  set  screws  are  300m  steel  and  Eglin  steel. 


Stress  Strain  (6  Screws)  -  Incident 


Shear  Strain 


- BOOM  Steel 

Eglin  Steel 


Figure  40  Shear  Stress  and  Strain  Diagram  for  6  Set  Screws 


Stress  Strain  (8  Screws)  -  Incident 


Strain 


BOOM  Steel 
- Eglin  Steel 


Figure  41  Shear  Stress  and  Strain  Diagram  for  8  Set  Screws 


Stress  Strain  (10  screws)  -  Incident 


Shear  Strain 


300M  Steel 
Eglin  Steel 


Figure  42  Shear  Stress  and  Strain  Diagram  for  10  Set  Screws 


Stress  Strain  (12screws)  -  Incident 


Shear  Strain 


- BOOM  Steel 

Eglin  Steel 


Figure  43  Shear  Stress  and  Strain  Diagram  for  12  Set  Screws 


Evaluation  of  Experimental  Results 

The  evaluation  of  the  data  acquired  during  testing  takes  place  under  certain 
considerations: 

1.  Analysis  of  elastic  section  of  stress-strain  diagrams  since  it  is  in  this  section  that 
relative  motion  is  known  to  take  place. 

2.  Understanding  the  presence  of  noise  in  the  signal  due  to  the  use  of  basic  electric 
equipment  and  data  acquisition  system  rather  than  a  commercially  built 
amplifier  and  filter  configuration. 

3.  The  difference  between  the  AFRL  and  FlU's  testing  procedure  and  results.  The 
results  in  this  project  are  smaller  (i.e.  KPa  rather  than  MPa). 

The  stress-strain  diagrams  include  data  from  the  point  torque  is  initially  applied  until  the 
failure  of  the  specimen.  In  all  cases,  the  specimen  deformed  considerably  if  not  fractured.  The 
diagrams  represent  the  relationship  between  stress  and  strain,  which  is  how  the  load  applied 
deforms  the  specimen.  The  material  characterizes  each  figure  and  its  properties  denote  which 
regions  will  be  present,  such  as  elastic,  plastic,  and  failure.  The  scope  of  these  torsional  tests 
focus  on  the  elastic  region,  which  is  the  stress  the  material  can  take  without  deforming  when 
load  is  no  longer  applied. 

Figures  40  and  41  exhibit  a  lack  of  uniformity  in  the  elastic  region,  caused  by  relative 
motion  present  in  the  specimen/bar  interface.  The  diagrams  have  uncharacteristic  curves  which 
are  directly  associated  to  anomaly  in  the  results,  and  thus  represent  designs  that  do  not  work. 
Figure  42  represents  the  use  of  10  set  screws,  and  even  though  it  looks  less  varying,  anomaly  is 
present  in  the  form  of  small  bumps  in  the  elastic  region.  The  stress-strain  diagrams  for  12  set 
screws  (Figure  43)  are  the  most  uniform  of  all.  This  means  that  the  proposed  design  is 
responsible  for  the  most  reduction  of  relative  motion  of  the  specimen  in  the  hex  pocket.  The 
increase  in  set  screws  per  face  and  overall  use  allow  for  more  surface  contact  between  the  bar 
and  the  specimen,  increasing  the  clutch  and  reducing  movement  during  propagation  of  the 
shear  pulse.  Additionally,  the  use  of  12  set  screws,  evens  out  the  amount  of  torsional  load  on 
the  set  screws  per  face. 


Improvement  of  the  Design 

The  analysis  of  the  test  results  allow  to  make  corrections  and  recommendations  for 
future  work  regarding  the  design  of  the  bar.  The  following  modifications  are  proposed: 

1.  Use  a  device  that  applies  the  torque  to  the  bar  in  a  uniform  way. 

2.  Use  of  a  clamp  and  pin  mechanism,  which  allows  for  the  torque  to  be  released 
instantaneously. 

3.  Use  a  softer  material  for  the  prototype  of  the  Kolsky  bar  in  order  to  obtain  better 


readings. 


Cost  Analysis 

The  expected  cost  for  the  project  is  broken  down  into  the  various  parts  and  materials 
that  are  utilized  to  build  the  prototype  and  perform  testing  experiments. 


Table  16  Purchase  Order 


Request  for  Purchase  Order 


Item 

Catalog  No. 

Description 

Unit  Cost 

Qty. 

Total 

1 

McMaster-CARR  5911kl6 

1"  Dia,  6"  long  anodized 
aluminum  shaft 

$15.38 

8 

$123.04 

2 

McMaster-CARR  6359k37 

Cast  iron  base-mounted 
babbitt-lined  bearings 

$53.96 

5 

$269.80 

3 

McMaster-CARR  94495A201 

Flat  point  set  screws,  4-40 
(3/16") 

$9.46 

2 

$18.92 

4 

McMaster-CARR  91251A620 

Black-oxide  alloy  steel 

screws 

$10.94 

1 

$10.94 

5 

McMaster-CARR  2662A13 

Cobalt  steel  hand  tap  for 
mold  steel 

$14.28 

2 

$28.56 

6 

McMaster-CARR  85555A416 

Torque  wrench  3/8"  drive 

$191.20 

1 

$191.20 

7 

Micro-  Meassurements 

CEA-06-187UV-350-P2 

Shear/Torque  pattern  gages 

$25.00 

10 

$250.00 

8 

Micro-  Meassurements 

BAK-200 

Instalation  Kit 

$88.20 

1 

$88.20 

9 

Engineering  Manufacturing 
Center 

Machining/  Lab 

$210.00 

1 

$210.00 

Grand  Total:  $1,190.66 


From  Table  16,  the  various  parts  and  materials  mentioned  in  the  section  regarding  the 
prototype  and  assembly  can  be  found  with  their  respective  costs,  manufacturers  and/or 
suppliers.  Cost  decrease  is  seen  by  the  reduction  in  scale  of  the  incident  and  transmitter  bars, 
whereas  increased  cost  is  manifested  with  the  selection  of  shear/torque  rosettes.  Also,  most  of 
the  parts  are  obtained  through  McMaster-Carr,  a  local  supplier.  The  strain  gages  are  purchased 
from  Micro-Measurements.  The  manufacturing  costs  are  also  included  and  correspond  to 
machining  performed  in  the  Florida  International  University.  Refer  to  Appendix  E  for  additional 
manufacturing  cost  information. 


Global  Learning 

As  part  of  the  Global  Learning  Initiative,  this  Senior  Design  Project  takes  into 
consideration  a  diversity-oriented,  multi-national,  and  realistic  approach  to  further  develop  the 
notion  of  social  responsibility  through  education  and  teamwork.  The  approach  is  based  on 
focusing  on  specific  tasks  oriented  towards  making  an  impact  in  research  communities 
worldwide. 

The  idea  is  focused  on  three  notions: 

1.  Use  of  available  resources  to  assure  that  others  with  the  same  or  similar  issues  can  use 
the  materials  employed  for  this  project. 

2.  Practical  resolution  with  an  in-depth  analysis  to  guarantee  understanding  of  the  design 
and  testing  applications  utilized. 

3.  Publication  of  results  so  other  laboratories  worldwide  can  have  access  to  them  and 
learn  from  the  tests  carried  out  with  the  model  of  the  Torsional  Split  Hopkinson  Bar. 

Another  important  aspect  of  the  Global  Learning  initiative  corresponds  to  what  others  have 
done  to  help  and  contribute  in  the  development  of  this  project.  In  order  to  carry  out  several 
tasks  in  the  project  timeline,  advice  and  equipment  were  received  from  Professors  and  fellow 
students.  An  example  of  this  instance  is  focused  on  the  set-up  for  the  electrical  aspect  of  the 
project  (circuitry).  This  is  a  case  in  which  different  engineering  disciplines  worked  together  for  a 
common  goal.  This  is  present  in  everyday  illustrations,  because  a  project  always  includes  more 
than  one  field. 


Conclusions 


The  overall  experience  of  working  with  a  renowned  institution  such  as  the  Air  Force 
Research  Lab  has  given  rise  to  the  opportunity  of  making  an  impact  in  a  project  used  to 
generate  significant  results  in  research.  The  Torsional  Split  Hopkinson  Bar  has  been  established 
as  an  important  piece  of  equipment  due  to  its  effect  in  Air  Force  and  Military  applications.  With 
this  bar,  research  entities  such  as  the  Air  Force  Research  Lab  are  able  to  discover  more 
information  and  properties  regarding  materials  utilized  in  weaponry,  equipment,  and  aircraft, 
between  several  others.  These  discoveries  and  further  insight  give  foot  to  the  improvement  of 
current  applications  and  the  creation  and  development  of  new  ones.  The  torsional  Kolsky  bar 
ultimately  gives  the  AFRL  the  opportunities  to  do  materials  testing  today  so  there  are  stronger, 
better,  and  faster  applications  tomorrow. 

This  Senior  Design  Group  had  the  sole  purpose  of  fixing  the  torsional  Kolsky  bar 
belonging  to  the  AFRL  in  the  Eglin  Base.  The  problem  originated  in  the  section  of  the  bar 
regarding  the  specimen  and  it  involved  relative  motion  between  the  bar  and  the  specimen 
during  high  strain  rate  testing.  This  issue  created  anomaly  in  the  data,  which  did  not  allow  for 
successful  testing  of  mechanical  properties  of  materials  and  this  in  turn  impeded  the  futuristic 
growth  described  above.  The  issue  at  hand  was  resolved  by  redesigning  the  specimen  area 
using  the  proposed  design  of  twelve  set  screws.  This  lead  to  the  machining  of  a  prototype  with 
various  set  screw  configurations,  used  to  test  various  specimens  and  compare  the  results  to 
establish  the  best  relationship.  The  analysis  described  during  the  report  is  of  structural  and 
experimental  nature,  with  which  the  acquired  data  from  the  strain  gages  is  reduced  to 
represent  stress-strain  graphs.  The  plots  corresponding  to  the  tests  defined  that  relative  motion 
is  not  present  since  they  do  not  display  anomalies  corresponding  to  perceptible  jumps  of  any 
nature. 


The  AFRL  now  receives  a  complete  design  of  the  specimen/bar  interface  with  the 
purpose  of  developing  a  new  set  of  bars  with  the  design  incorporated.  This  will  eliminate  the 
motion  in  the  torsional  Kolsky  bar  due  to  better  surface  contact  and  as  a  consequence  accurate 
results  when  testing  will  be  obtained. 
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Appendix  A  Engineering  Drawings 
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Figure  44  Hexagonal  Socket  Dimensions  with  12  hole  configuration 


Figure  45  Hexagonal  Socket  Dimensions  with  6  hole  configuration 


Figure  46  Square  socket  Dimensions  for  both  bars  (where  torque  wrench  is  attached) 


Figure  47  Technical  Drawing  for  the  Base 
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Figure  48  Technical  Drawing  for  Pillow  Blocks  [10] 
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Appendix  B  Parts  Information 


187UV _ 

SMsMi  Micro-Measurements 


VBHAY 

PRECISION 

GROUP 


General  Purpose  Strain  Gages  -  Shear/Torque  Pattern 


GAGE  PATTERN  DATA 


actual  size 


GAGE 

RESISTANCE 

OPTIONS 

DESIGNATION 

(OHMS) 

AVALABLE 

See  Note  1 

See  Note  2 

CEA-XX-187UV-I20 

120*04% 

P2 

CEA-XX-187UV-3S0 

350  *  0  4% 

P2 

DESCRIPTION 

Two^element  90'  rosette  for  torque 

and  shear-strain 

measurement.  Sectors  have  a  comrrwn  electrical 
oomedion.  Exposed  soUer  tab  area  is  0.13  x  0.06  in 

[3.3  X  2.0  mm]. 

GAGE  nUENSIONS 


Legend; 


ES  =  Each  Section 
S  =  Seclian(Sl  =Sec  1) 


CP  =  Complete  Pattern 
M  =  Matrix 


inch 


mllimeter 


Gage  Length 


Oxerall  Length 


Grid  Width 


Overal  Width 


Matrix  Length 


Matrix  Width 


0.187  ES 


0.580  CP 


0.150  ES 


0.320  CP 


0.38 


4.75  ES 


14.22  CP 


3.81  ES 


8.13  CP 


GAGE  SERIES  DATA_ See  Gage  Series  data  sheet  tor  complele  spedScations. 


Series 

Description 

Strain  Range 

Temperahire  Range 

CEA 

Universal  general-purpose  strar  gages. 

*5% 

-too’  to  fOSO'F  [-75'  to  +175"C] 

Note  1:  Inseit  desired  S-T-C  number  in  spaces  martted  XX. 

Note  2:  Products  with  deeiTiations  and  options  shown  in  bold  are  not  RoHS  compiant. 


www.micfo-moocuromentB.ooni  For  technical  queshons.  oontact;  nucro-measurenients  cvishavDQ.ctim  Documert  Number  11244 

toe  Revision:  02-Feb-10 


Figure  50  Specifications  for  Shear/Torque  Pattern  Strain  Gage  [16] 


Appendix  C  Simulation  Results 


Twelve  Set  Screws 


Model  name:  Prototype-1 2  (2) 

Study  name:  Stress 

Plot  type:  Static  nodal  stress  Stressi 

Deformation  scale:  1 


von  Mises  (psi) 

1  1,951 ,470.4 
1,788,847.9 
1,628,225.3 
1,463,602.8 
.  1,300,980.3 
1,138,357.8 
■  975,735.2 
H  813,112.6 
W  650,490.1 
.  487,867.6 
I  I  325,245.1 
H  162,622.5 

Q  0.0 


Figure  51  Displacement  Study  for  12  Set  Screws  -  Isometric  View 


Model  name:  Prototype-1 2  (2) 

Study  name:  Stress 

Plot  type:  Static  nodal  stress  Stressi 

Deformation  scale:  1 


von  Mises  (psi) 


I 


1,951 ,470.4 
1,788,847.9 

1.626.225.3 

1.463.602.8 

1.300.980.3 

1.138.357.8 
975,735.2 

813.112.6 

650.490.1 

487.867.6 

325.245.1 
162,622.5 
0.0 


Figure  52  Von  Mises  Stress  Study  for  12  Set  Screws  -  Front  View 


Model  name:  Prototype-1 2  (2) 
Study  name:  Stress 
Plot  type:  Static  strain  Straint 
Deformation  scale;  31 .3832 


ESTRN 

IS.467e-002 
5.012e-002 
4.556e-002 
4.101e-002 
3.645e-002 
3.189e-002 
2.734e-002 
2.278e-002 
1.822e-002 
.  1.367e-002 

I9.112e-003 
4.S56e-003 
1.046e-012 


Figure  53  Strain  Study  for  12  Set  Screws  -  Front  View 


Ten  Set  Screws 


Model  name:  Assem  1 0  set  screws 
Study  name:  Stress 

Plot  type:  Static  displacement  Displacementi 
Deformation  scale:  30.7816 


URES  (in) 

2.063e-002 

H  1.8gie-002 

H  1.7ige-002 
H.  1 .547e-002 
K  1.375e-002 
H  1 .203e-002 
H  1.031e-002 


I 


8.S95e-003 

6.876e-003 

S.1S7e-003 

3.438e-003 

1.719e-003 

3.937e-032 


Figure  54  Dispiacement  Study  for  10  Set  Screws  -  isometric  View 
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von  Mises  (psi) 


1,967,472.0 
H  1,803,516.0 
.  1,639,560.0 
.  1,475,604.0 
u  1,311,648.0 
|||[  1,147,692.0 
H  983,736.0 
1  819,780.0 
.  655,824.0 
.  491,888.0 
I  327,912.0 
.  163,958.0 


Figure  55  Von  Mises  5tress  Study  for  10  Set  Screws  -  Front  View 


Model  name:  Assem  1 0  set  screws 
Study  name:  Stress 
Plot  type:  Static  strain  Straini 
Deformation  scale:  30.7816 


Figure  56  Strain  Stress  Study  for  10  Set  Screws  -  Front  View 


Eight  Set  Screws 


Model  name:  Assem  8  set  screws 
Study  name;  Stress 

Plot  type;  St^ic  displacement  DIsplacementI 
Deformation  scale:  29.9336 


UF^S  (in) 


2.1 21  e-002 
1 .9456-002 
1 .766e-002 
1 .591  e-002 
1 .41 4e-002 
1 .237e-002 
1.061  e-002 
8.839e-003 
7.071  e-003 


.  5.303e-003 


|  3.536e-003 
1 .768e-003 
3.937e-032 


Figure  57  Displacement  Study  for  8  Set  Screws  -  Isometric  View 


Model  name:  Assem  8  set  screws 
Study  name;  Stress 
Plot  type;  St^ic  nodal  stress  Stressi 
Deformation  scale:  29.9336 


von  MIses  (psi) 

1.962.785.8 

1 .799.220.4 

1 .635.654.9 
1 .472,089.4 
1.MI8.523.9 

1.144.958.4 

981 .392.9 

81 7.827.4 

654.261 .9 
.  490,696.4 

==.  327,131.0 
H  163,565.5 

H  0.0 


Figure  58  Von  Mises  Stress  Study  for  8  Set  Screws  -  Front  View 


P  a 


Model  name:  Assem  8  set  screws 
Study  name;  Stress 
Plot  type:  Static  strain  Straini 
Deformation  scale:  29.9336 


ESTRN 


R  5.088e.002 
4.664e.002 
4.240e-002 
.  3.816e.002 
.  3  3926.002 

I.  2.968e.002 
,  2.544e-002 
.  2.120e-002 
.  1.696e-002 
.  1.272B-002 
j  I  8.479e-003 
II  4  240e-003 
H  2.104e-012 


Figure  59  Strain  Study  for  10  Set  Screws  -  Front  View 


Six  Set  Screws 


Model  name:  Assem  6  set_screw 
Study  name;  Stress 

Plot  type:  Static  displacement  Displacementt 
Deformation  scale:  30.8894 


URES  (h) 

I  2.056e-002 
1 .8846-002 
.  1.7136-002 
.  1.542e-002 
L  1.370e-002 
,  1.199e-002 
.  1.028e-002 
.  8.566e.003 
.  6.852e-003 
.  5.139e-003 
,  3.426e-003 
,  1.713e-003 


Figure  60  Displacement  Study  for  6  Set  Screws  -  Isometric  View 


Figure  61  Von  Mises  Stress  Study  for  6  Set  Screws  -  Front  View 


Figure  62  Strain  Study  for  6  Set  Screws  -  Front  View 


Set  Screws 


Model  name:  pin-screw 

Study  name:  Study  1 

Plot  type:  Static  nodal  stress  Stresst 

Deformation  scale:  46.2972 


TauXY  (psi) 
17,084,6 


-20.884.6 


•96,823.2 
-134.792.4 
-172.761 .7 
•210,730.9 


I 


-324,638.7 

-362,608.0 

-400,577.3 

-438,546.5 


Figure  63  Shear  Stress  Study  for  Set  Screw 


Model  name:  pin-saew 
Study  name:  Study  1 
Plot  type:  Static  strain  Straini 
Deformation  scale:  46.2972 


ESTRN 

I  2.473e-002 
2.267e-002 
2.061  e-002 
1 .8556-002 
1 .649e-002 
1 .443e-002 
1 ,237e-002 
1.031  e-002 
8.245e-003 
.  6.184e-003 

I4.123e-003 
2.062e-003 
6.231  e-007 


Figure  64  Equivalent  Strain  Study  for  Set  Screw 


P  a 


Model  name:  pin-screw 

Study  name:  Study  1 

Plot  type:  St^ic  nodal  stress  Stress2 

Deformation  scale:  46.2972 


P1  (psi) 


1  1,337,655.3 
1,182,094.0 
1,026,532.9 
.  870,971.8 
.  715,410.6 
I  ..  559,849.5 
H  404,288.4 
.  248,727.2 
'  .  93,166.1 

.  -62,395.1 
-217,956.2 
H  -373,517.4 
H.  -529,078.5 


Figure  65  Principal  Stress  for  Set  Screw 


Model  name:  pin-screw 

Study  name:  Study  1 

Plot  type:  Static  nodal  stress  Stress3 

Deformation  scale:  46.2972 


von  Mises  Qisi) 


I 

'f 


896.851 .5 

822.114.6 

747.377.6 

672.640.6 

597.903.6 

523.166.5 

448.429.5 

373.692.6 

298.955.6 

224.218.6 

149.481 .6 

74.744.6 

7.6 


Yield  strength:  89,984.6 


Figure  66  Von  Mises  Stress  Study  for  Set  Screw 


Specimen 


Model  name:  specimen 

Study  name:  Study  1 

Plot  type:  Static  nodal  stress  Stress2 

Deformation  scale:  3.02961 


PI  (psi) 

1  1.174,126.4 
1,076,192.3 
978,258.0 
880,323.8 
782,389.6 
684,455.4 
586,521 .1 
488,586.9 


I 


390,652.7 
292,718.5 
194,784.3 
96,850.1 
-1 .084.1 


Figure  67  First  Principai  Stress  Study  for  Specimen 


Model  name;  specimen 
Study  name;  Study  1 

Plot  type;  Factor  of  Safety  Factor  of  Safetyl 
Criterion :  Automatic 

Factor  of  safety  distribution;  Min  FOS  =  0.1 1 


FOS 


B  6,133.90 
5,622.76 
5,111.61 
.  4.600.46 
.  4,089.31 

1  3,578.16 
3,067,01 
2,555.86 
2,044.71 
1,533.56 
1,022,41 
511.26 
0.11 


Figure  68  Factor  of  Safety  Study  for  Specimen 
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Bar 


Model  name:  bar-1 2  -  study 
Study  name;  Study  2 

Plot  type:  Factor  ot  Safety  Factor  of  Safetyl 
Criterion :  Automatic 

Factor  of  safety  distribution:  Min  FOS  =  3.5 


FOS 

90,334.69 
I  I  82,807.09 
.  75,279.49 
.  67,751.89 
.  60,224.29 
.  52,696.70 
.  45,169.10 
.  37,641.50 
.  30,113.90 
.  22,586.30 

B  15,058.70 
7,531 .10 
3.51 


Figure  69  Factor  of  Safety  Study  for  Bar 


Appendix  D  Raw  Data 


Time  (s) 

Voltage  (V) 

Altered 
Voltage  (V) 

Microstrain 

Strain  Gage 

Strain  Rate 

Specimen 

Strain 

Shear  Stress 
(Pa) 

3.86E-01 

-1.08 

0 

0 

0 

0 

O.OOE+00 

0 

3.88E-01 

-1.08 

0 

0 

0 

0 

O.OOE+00 

0 

3.90E-01 

-1.08 

0 

0 

0 

0 

O.OOE+00 

0 

3.92E-01 

-1.08 

0 

0 

0 

0 

O.OOE+00 

0 

3.94E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-1.44E-05 

-686.8321018 

3.96E-01 

-1.08 

0 

0 

0 

0 

-1.44E-05 

0 

3.98E-01 

-1.08 

0 

0 

0 

0 

-1.44E-05 

0 

4.00E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-2.89E-05 

-686.8321018 

4.02E-01 

-1.08 

0 

0 

0 

0 

-2.89E-05 

0 

4.04E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-4.33E-05 

-686.8321018 

4.06E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-5.77E-05 

-686.8321018 

4.08E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-7.21E-05 

-686.8321018 

4.10E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-8.66E-05 

-686.8321018 

4.12E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-l.OlE-04 

-686.8321018 

4.14E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-1.15E-04 

-686.8321018 

4.16E-01 

-1.08 

0 

0 

0 

0 

-1.15E-04 

0 

4.18E-01 

-1.08 

0 

0 

0 

0 

-1.15E-04 

0 

4.20E-01 

-1.08 

0 

0 

0 

0 

-1.15E-04 

0 

4.22E-01 

-1.08 

0 

0 

0 

0 

-1.15E-04 

0 

4.24E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-1.30E-04 

-686.8321018 

4.26E-01 

-1.08 

0 

0 

0 

0 

-1.30E-04 

0 

4.28E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-1.44E-04 

-686.8321018 

4.30E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-1.59E-04 

-686.8321018 

4.32E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-1.73E-04 

-686.8321018 

4.34E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-1.88E-04 

-686.8321018 

4.36E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-2.02E-04 

-686.8321018 

4.38E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-2.16E-04 

-686.8321018 

4.40E-01 

-1.08 

0 

0 

0 

0 

-2.16E-04 

0 

4.42E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-2.31E-04 

-686.8321018 

4.44E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-2.45E-04 

-686.8321018 

4.46E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-2.60E-04 

-686.8321018 

4.48E-01 

-1.08 

0 

0 

0 

0 

-2.60E-04 

0 

4.50E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-2.74E-04 

-686.8321018 

4.52E-01 

-1.08 

0 

0 

0 

0 

-2.74E-04 

0 

4.54E-01 

-1.08 

0 

0 

0 

0 

-2.74E-04 

0 

4.56E-01 

-1.08 

0 

0 

0 

0 

-2.74E-04 

0 

4.58E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-2.89E-04 

-686.8321018 

4.60E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-3.03E-04 

-686.8321018 

4.62E-01 

-1.08 

0 

0 

0 

0 

-3.03E-04 

0 

4.64E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

-3.17E-04 

-686.8321018 

4.66E-01 

-1.08 

0 

0 

0 

0 

-3.17E-04 

0 

4.68E-01 

-1.08 

0 

0 

0 

0 

-3.17E-04 

0 

4.70E-01 

-1.078 

0.002 

-0.000192771 

-3.85542E-09 

0.007213605 

-3.03E-04 

686.8321018 

4.72E-01 

-1.078 

0.002 

-0.000192771 

-3.85542E-09 

0.007213605 

-2.89E-04 

686.8321018 

4.74E-01 

-1.078 

0.002 

-0.000192771 

-3.85542E-09 

0.007213605 

-2.74E-04 

686.8321018 

4.76E-01 

-1.078 

0.002 

-0.000192771 

-3.85542E-09 

0.007213605 

-2.60E-04 

686.8321018 

4.78E-01 

-1.076 

0.004 

-0.000385542 

-7.71084E-09 

0.01442721 

-2.31E-04 

1373.664204 

4.80E-01 

-1.076 

0.004 

-0.000385542 

-7.71084E-09 

0.01442721 

-2.02E-04 

1373.664204 

4.82E-01 

-1.074 

0.006 

-0.000578313 

-1.15663E-08 

0.021640815 

-1.59E-04 

2060.496306 

4.84E-01 

-1.076 

0.004 

-0.000385542 

-7.71084E-09 

0.01442721 

-1.30E-04 

1373.664204 

4.86E-01 

-1.074 

0.006 

-0.000578313 

-1.15663E-08 

0.021640815 

-8.66E-05 

2060.496306 

4.88E-01 

-1.074 

0.006 

-0.000578313 

-1.15663E-08 

0.021640815 

-4.33E-05 

2060.496306 

4.90E-01 

-1.074 

0.006 

-0.000578313 

-1.15663E-08 

0.021640815 

9.49E-20 

2060.496306 

4.92E-01 

-1.074 

0.006 

-0.000578313 

-1.15663E-08 

0.021640815 

4.33E-05 

2060.496306 

4.94E-01 

-1.072 

0.008 

-0.000771084 

-1.54217E-08 

0.02885442 

l.OlE-04 

2747.328407 

4.96E-01 

-1.072 

0.008 

-0.000771084 

-1.54217E-08 

0.02885442 

1.59E-04 

2747.328407 

4.98E-01 

-1.072 

0.008 

-0.000771084 

-1.54217E-08 

0.02885442 

2.16E-04 

2747.328407 

5.00E-01 

-1.072 

0.008 

-0.000771084 

-1.54217E-08 

0.02885442 

2.74E-04 

2747.328407 

5.02E-01 

-1.072 

0.008 

-0.000771084 

-1.54217E-08 

0.02885442 

3.32E-04 

2747.328407 

5.04E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

4.04E-04 

3434.160509 

5.06E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

4.76E-04 

3434.160509 

5.08E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

5.48E-04 

3434.160509 

5.10E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

6.20E-04 

3434.160509 

5.12E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

6.93E-04 

3434.160509 

5.14E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

7.65E-04 

3434.160509 

5.16E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

8.51E-04 

4120.992611 

5.18E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

9.38E-04 

4120.992611 

5.20E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

1.02E-03 

4120.992611 

5.22E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

l.llE-03 

4120.992611 

5.24E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

1.18E-03 

3434.160509 

5.26E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

1.27E-03 

4120.992611 

5.28E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

1.36E-03 

4120.992611 

5.30E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

1.43E-03 

3434.160509 

5.32E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

1.51E-03 

4120.992611 

5.34E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

1.59E-03 

3434.160509 

5.36E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

1.67E-03 

4120.992611 

5.38E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

1.76E-03 

4120.992611 

5.40E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

1.85E-03 

4120.992611 

5.42E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

1.92E-03 

3434.160509 

5.44E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

1.99E-03 

3434.160509 

5.46E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

2.08E-03 

4120.992611 

5.48E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

2.15E-03 

3434.160509 

5.50E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

2.22E-03 

3434.160509 

5.52E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

2.29E-03 

3434.160509 

5.54E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

2.37E-03 

3434.160509 

5.56E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

2.45E-03 

4120.992611 

5.58E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

2.52E-03 

3434.160509 

5.60E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

2.61E-03 

4120.992611 

5.62E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

2.70E-03 

4120.992611 

5.64E-01 

-1.07 

0.01 

-0.000963855 

-1.92771E-08 

0.036068026 

2.77E-03 

3434.160509 

5.66E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

2.86E-03 

4120.992611 

5.68E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

2.94E-03 

4120.992611 

5.70E-01 

-1.066 

0.014 

-0.001349398 

-2.6988E-08 

0.050495236 

3.04E-03 

4807.824713 

5.72E-01 

-1.066 

0.014 

-0.001349398 

-2.6988E-08 

0.050495236 

3.15E-03 

4807.824713 

5.74E-01 

-1.066 

0.014 

-0.001349398 

-2.6988E-08 

0.050495236 

3.25E-03 

4807.824713 

5.76E-01 

-1.066 

0.014 

-0.001349398 

-2.6988E-08 

0.050495236 

3.35E-03 

4807.824713 

5.78E-01 

-1.064 

0.016 

-0.001542169 

-3.08434E-08 

0.057708841 

3.46E-03 

5494.656815 

5.80E-01 

-1.066 

0.014 

-0.001349398 

-2.6988E-08 

0.050495236 

3.56E-03 

4807.824713 

5.82E-01 

-1.062 

0.018 

-0.00173494 

-3.46988E-08 

0.064922446 

3.69E-03 

6181.488917 

5.84E-01 

-1.062 

0.018 

-0.00173494 

-3.46988E-08 

0.064922446 

3.82E-03 

6181.488917 

5.86E-01 

-1.062 

0.018 

-0.00173494 

-3.46988E-08 

0.064922446 

3.95E-03 

6181.488917 

5.88E-01 

-1.06 

0.02 

-0.001927711 

-3.85542E-08 

0.072136051 

4.10E-03 

6868.321018 

5.90E-01 

-1.058 

0.022 

-0.002120482 

-4.24096E-08 

0.079349656 

4.26E-03 

7555.15312 

5.92E-01 

-1.06 

0.02 

-0.001927711 

-3.85542E-08 

0.072136051 

4.40E-03 

6868.321018 

5.94E-01 

-1.058 

0.022 

-0.002120482 

-4.24096E-08 

0.079349656 

4.56E-03 

7555.15312 

5.96E-01 

-1.058 

0.022 

-0.002120482 

-4.24096E-08 

0.079349656 

4.72E-03 

7555.15312 

5.98E-01 

-1.056 

0.024 

-0.002313253 

-4.62651E-08 

0.086563261 

4.89E-03 

8241.985222 

6.00E-01 

-1.054 

0.026 

-0.002506024 

-5.01205E-08 

0.093776867 

5.08E-03 

8928.817324 

6.02E-01 

-1.054 

0.026 

-0.002506024 

-5.01205E-08 

0.093776867 

5.27E-03 

8928.817324 

6.04E-01 

-1.054 

0.026 

-0.002506024 

-5.01205E-08 

0.093776867 

5.45E-03 

8928.817324 

6.06E-01 

-1.054 

0.026 

-0.002506024 

-5.01205E-08 

0.093776867 

5.64E-03 

8928.817324 

6.08E-01 

-1.054 

0.026 

-0.002506024 

-5.01205E-08 

0.093776867 

5.83E-03 

8928.817324 

6.10E-01 

-1.054 

0.026 

-0.002506024 

-5.01205E-08 

0.093776867 

6.02E-03 

8928.817324 

6.12E-01 

-1.054 

0.026 

-0.002506024 

-5.01205E-08 

0.093776867 

6.20E-03 

8928.817324 

6.14E-01 

-1.054 

0.026 

-0.002506024 

-5.01205E-08 

0.093776867 

6.39E-03 

8928.817324 

6.16E-01 

-1.052 

0.028 

-0.002698795 

-5.39759E-08 

0.100990472 

6.59E-03 

9615.649426 

6.18E-01 

-1.052 

0.028 

-0.002698795 

-5.39759E-08 

0.100990472 

6.80E-03 

9615.649426 

6.20E-01 

-1.052 

0.028 

-0.002698795 

-5.39759E-08 

0.100990472 

7.00E-03 

9615.649426 

6.22E-01 

-1.052 

0.028 

-0.002698795 

-5.39759E-08 

0.100990472 

7.20E-03 

9615.649426 

6.24E-01 

-1.05 

0.03 

-0.002891566 

-5.78313E-08 

0.108204077 

7.42E-03 

10302.48153 

6.26E-01 

-1.048 

0.032 

-0.003084337 

-6.16867E-08 

0.115417682 

7.65E-03 

10989.31363 

6.28E-01 

-1.046 

0.034 

-0.003277108 

-6.55422E-08 

0.122631287 

7.89E-03 

11676.14573 

6.30E-01 

-1.044 

0.036 

-0.00346988 

-6.93976E-08 

0.129844892 

8.15E-03 

12362.97783 

6.32E-01 

-1.044 

0.036 

-0.00346988 

-6.93976E-08 

0.129844892 

8.41E-03 

12362.97783 

6.34E-01 

-1.042 

0.038 

-0.003662651 

-7.3253E-08 

0.137058497 

8.69E-03 

13049.80994 

6.36E-01 

-1.038 

0.042 

-0.004048193 

-8.09639E-08 

0.151485708 

8.99E-03 

14423.47414 

6.38E-01 

-1.036 

0.044 

-0.004240964 

-8.48193E-08 

0.158699313 

9.31E-03 

15110.30624 

6.40E-01 

-1.034 

0.046 

-0.004433735 

-8.86747E-08 

0.165912918 

9.64E-03 

15797.13834 

6.42E-01 

-1.034 

0.046 

-0.004433735 

-8.86747E-08 

0.165912918 

9.97E-03 

15797.13834 

6.44E-01 

-1.03 

0.05 

-0.004819277 

-9.63855E-08 

0.180340128 

1.03E-02 

17170.80255 

6.46E-01 

-1.028 

0.052 

-0.005012048 

-1.00241E-07 

0.187553733 

1.07E-02 

17857.63465 

6.48E-01 

-1.026 

0.054 

-0.005204819 

-1.04096E-07 

0.194767338 

l.llE-02 

18544.46675 

6.50E-01 

-1.024 

0.056 

-0.00539759 

-1.07952E-07 

0.201980943 

1.15E-02 

19231.29885 

6.52E-01 

-1.022 

0.058 

-0.005590361 

-1.11807E-07 

0.209194549 

1.19E-02 

19918.13095 

6.54E-01 

-1.02 

0.06 

-0.005783133 

-1.15663E-07 

0.216408154 

1.23E-02 

20604.96306 

6.56E-01 

-1.016 

0.064 

-0.006168675 

-1.23373E-07 

0.230835364 

1.28E-02 

21978.62726 

6.58E-01 

-1.014 

0.066 

-0.006361446 

-1.27229E-07 

0.238048969 

1.33E-02 

22665.45936 

6.60E-01 

-1.014 

0.066 

-0.006361446 

-1.27229E-07 

0.238048969 

1.38E-02 

22665.45936 

6.62E-01 

-1.01 

0.07 

-0.006746988 

-1.3494E-07 

0.252476179 

1.43E-02 

24039.12356 

6.64E-01 

-1.01 

0.07 

-0.006746988 

-1.3494E-07 

0.252476179 

1.48E-02 

24039.12356 

6.66E-01 

-1.008 

0.072 

-0.006939759 

-1.38795E-07 

0.259689784 

1.53E-02 

24725.95567 

6.68E-01 

-1.006 

0.074 

-0.00713253 

-1.42651E-07 

0.26690339 

1.58E-02 

25412.78777 

6.70E-01 

-1.006 

0.074 

-0.00713253 

-1.42651E-07 

0.26690339 

1.64E-02 

25412.78777 

6.72E-01 

-1.004 

0.076 

-0.007325301 

-1.46506E-07 

0.274116995 

1.69E-02 

26099.61987 

6.74E-01 

-1.002 

0.078 

-0.007518072 

-1.50361E-07 

0.2813306 

1.75E-02 

26786.45197 

6.76E-01 

-1.002 

0.078 

-0.007518072 

-1.50361E-07 

0.2813306 

1.80E-02 

26786.45197 

6.78E-01 

-1.002 

0.078 

-0.007518072 

-1.50361E-07 

0.2813306 

1.86E-02 

26786.45197 

6.80E-01 

-1 

0.08 

-0.007710843 

-1.54217E-07 

0.288544205 

1.92E-02 

27473.28407 

6.82E-01 

-1 

0.08 

-0.007710843 

-1.54217E-07 

0.288544205 

1.98E-02 

27473.28407 

6.84E-01 

-9.98E-01 

0.081999974 

-0.007903612 

-1.58072E-07 

0.295757716 

2.03E-02 

28160.10725 

6.86E-01 

-9.98E-01 

0.081999974 

-0.007903612 

-1.58072E-07 

0.295757716 

2.09E-02 

28160.10725 

6.88E-01 

-9.96E-01 

0.083999949 

-0.008096381 

-1.61928E-07 

0.302971231 

2.15E-02 

28846.93076 

6.90E-01 

-9.96E-01 

0.083999949 

-0.008096381 

-1.61928E-07 

0.302971231 

2.21E-02 

28846.93076 

6.92E-01 

-9.96E-01 

0.083999949 

-0.008096381 

-1.61928E-07 

0.302971231 

2.28E-02 

28846.93076 

6.94E-01 

-9.96E-01 

0.083999949 

-0.008096381 

-1.61928E-07 

0.302971231 

2.34E-02 

28846.93076 

6.96E-01 

-9.94E-01 

0.085999982 

-0.008289155 

-1.65783E-07 

0.310184955 

2.40E-02 

29533.7742 

6.98E-01 

-9.94E-01 

0.085999982 

-0.008289155 

-1.65783E-07 

0.310184955 

2.46E-02 

29533.7742 

7.00E-01 

-9.96E-01 

0.083999949 

-0.008096381 

-1.61928E-07 

0.302971231 

2.52E-02 

28846.93076 

7.02E-01 

-9.94E-01 

0.085999982 

-0.008289155 

-1.65783E-07 

0.310184955 

2.58E-02 

29533.7742 

7.04E-01 

-9.94E-01 

0.085999982 

-0.008289155 

-1.65783E-07 

0.310184955 

2.64E-02 

29533.7742 

7.06E-01 

-9.92E-01 

0.087999957 

-0.008481924 

-1.69638E-07 

0.31739847 

2.71E-02 

30220.59771 

7.08E-01 

-9.90E-01 

0.089999931 

-0.008674692 

-1.73494E-07 

0.324611982 

2.77E-02 

30907.42089 

7.10E-01 

-9.94E-01 

0.085999982 

-0.008289155 

-1.65783E-07 

0.310184955 

2.83E-02 

29533.7742 

7.12E-01 

-9.92E-01 

0.087999957 

-0.008481924 

-1.69638E-07 

0.31739847 

2.90E-02 

30220.59771 

7.14E-01 

-9.94E-01 

0.085999982 

-0.008289155 

-1.65783E-07 

0.310184955 

2.96E-02 

29533.7742 

7.16E-01 

-9.92E-01 

0.087999957 

-0.008481924 

-1.69638E-07 

0.31739847 

3.02E-02 

30220.59771 

7.18E-01 

-9.94E-01 

0.085999982 

-0.008289155 

-1.65783E-07 

0.310184955 

3.09E-02 

29533.7742 

7.20E-01 

-9.92E-01 

0.087999957 

-0.008481924 

-1.69638E-07 

0.31739847 

3.15E-02 

30220.59771 

7.22E-01 

-9.94E-01 

0.085999982 

-0.008289155 

-1.65783E-07 

0.310184955 

3.21E-02 

29533.7742 

7.24E-01 

-9.92E-01 

0.087999957 

-0.008481924 

-1.69638E-07 

0.31739847 

3.27E-02 

30220.59771 

7.26E-01 

-9.90E-01 

0.089999931 

-0.008674692 

-1.73494E-07 

0.324611982 

3.34E-02 

30907.42089 

7.28E-01 

-9.90E-01 

0.089999931 

-0.008674692 

-1.73494E-07 

0.324611982 

3.40E-02 

30907.42089 

7.30E-01 

-9.90E-01 

0.089999931 

-0.008674692 

-1.73494E-07 

0.324611982 

3.47E-02 

30907.42089 

7.32E-01 

-9.90E-01 

0.089999931 

-0.008674692 

-1.73494E-07 

0.324611982 

3.53E-02 

30907.42089 

7.34E-01 

-9.90E-01 

0.089999931 

-0.008674692 

-1.73494E-07 

0.324611982 

3.60E-02 

30907.42089 

7.36E-01 

-9.90E-01 

0.089999931 

-0.008674692 

-1.73494E-07 

0.324611982 

3.66E-02 

30907.42089 

7.38E-01 

-9.90E-01 

0.089999931 

-0.008674692 

-1.73494E-07 

0.324611982 

3.73E-02 

30907.42089 

7.40E-01 

-9.88E-01 

0.091999965 

-0.008867467 

-1.77349E-07 

0.331825709 

3.80E-02 

31594.26467 

7.42E-01 

-9.90E-01 

0.089999931 

-0.008674692 

-1.73494E-07 

0.324611982 

3.86E-02 

30907.42089 

7.44E-01 

-9.88E-01 

0.091999965 

-0.008867467 

-1.77349E-07 

0.331825709 

3.93E-02 

31594.26467 

7.46E-01 

-9.88E-01 

0.091999965 

-0.008867467 

-1.77349E-07 

0.331825709 

3.99E-02 

31594.26467 

7.48E-01 

-9.86E-01 

0.093999939 

-0.009060235 

-1.81205E-07 

0.339039221 

4.06E-02 

32281.08784 

7.50E-01 

-9.88E-01 

0.091999965 

-0.008867467 

-1.77349E-07 

0.331825709 

4.13E-02 

31594.26467 

7.52E-01 

-9.86E-01 

0.093999939 

-0.009060235 

-1.81205E-07 

0.339039221 

4.20E-02 

32281.08784 

7.54E-01 

-9.84E-01 

0.095999973 

-0.009253009 

-1.8506E-07 

0.346252949 

4.26E-02 

32967.93162 

7.56E-01 

-9.84E-01 

0.095999973 

-0.009253009 

-1.8506E-07 

0.346252949 

4.33E-02 

32967.93162 

7.58E-01 

-9.82E-01 

0.097999947 

-0.009445778 

-1.88916E-07 

0.35346646 

4.40E-02 

33654.75479 

7.60E-01 

-9.82E-01 

0.097999947 

-0.009445778 

-1.88916E-07 

0.35346646 

4.48E-02 

33654.75479 

7.62E-01 

-9.80E-01 

0.099999981 

-0.009638552 

-1.92771E-07 

0.360680188 

4.55E-02 

34341.59857 

7.64E-01 

-9.78E-01 

0.101999955 

-0.009831321 

-1.96626E-07 

0.367893699 

4.62E-02 

35028.42174 

7.66E-01 

-9.78E-01 

0.101999955 

-0.009831321 

-1.96626E-07 

0.367893699 

4.69E-02 

35028.42174 

7.68E-01 

-9.76E-01 

0.103999929 

-0.01002409 

-2.00482E-07 

0.37510721 

4.77E-02 

35715.24491 

7.70E-01 

-9.74E-01 

0.105999963 

-0.010216864 

-2.04337E-07 

0.382320938 

4.85E-02 

36402.08869 

7.72E-01 

-9.72E-01 

0.107999938 

-0.010409633 

-2.08193E-07 

0.389534453 

4.92E-02 

37088.91221 

7.74E-01 

-9.72E-01 

0.107999938 

-0.010409633 

-2.08193E-07 

0.389534453 

5.00E-02 

37088.91221 

7.76E-01 

-9.70E-01 

0.109999971 

-0.010602407 

-2.12048E-07 

0.396748177 

5.08E-02 

37775.75564 

7.78E-01 

-9.68E-01 

0.111999946 

-0.010795176 

-2.15904E-07 

0.403961692 

5.16E-02 

38462.57916 

7.80E-01 

-9.66E-01 

0.113999979 

-0.01098795 

-2.19759E-07 

0.411175416 

5.24E-02 

39149.42259 

7.82E-01 

-9.64E-01 

0.115999954 

-0.011180718 

-2.23614E-07 

0.418388931 

5.33E-02 

39836.24611 

7.84E-01 

-9.62E-01 

0.117999928 

-0.011373487 

-2.2747E-07 

0.425602443 

5.41E-02 

40523.06928 

7.86E-01 

-9.60E-01 

0.119999962 

-0.011566261 

-2.31325E-07 

0.43281617 

5.50E-02 

41209.91306 

7.88E-01 

-9.58E-01 

0.121999936 

-0.01175903 

-2.35181E-07 

0.440029682 

5.59E-02 

41896.73623 

7.90E-01 

-9.56E-01 

0.12399997 

-0.011951804 

-2.39036E-07 

0.447243409 

5.68E-02 

42583.58001 

7.92E-01 

-9.54E-01 

0.125999944 

-0.012144573 

-2.42891E-07 

0.454456921 

5.77E-02 

43270.40318 

7.94E-01 

-9.52E-01 

0.127999978 

-0.012337347 

-2.46747E-07 

0.461670649 

5.86E-02 

43957.24696 

7.96E-01 

-9.52E-01 

0.127999978 

-0.012337347 

-2.46747E-07 

0.461670649 

5.95E-02 

43957.24696 

7.98E-01 

-9.52E-01 

0.127999978 

-0.012337347 

-2.46747E-07 

0.461670649 

6.04E-02 

43957.24696 

8.00E-01 

-9.48E-01 

0.131999927 

-0.012722885 

-2.54458E-07 

0.476097675 

6.14E-02 

45330.89365 

8.02E-01 

-9.48E-01 

0.131999927 

-0.012722885 

-2.54458E-07 

0.476097675 

6.24E-02 

45330.89365 

8.04E-01 

-9.46E-01 

0.13399996 

-0.012915659 

-2.58313E-07 

0.483311399 

6.33E-02 

46017.73709 

8.06E-01 

-9.44E-01 

0.135999935 

-0.013108427 

-2.62169E-07 

0.490524914 

6.43E-02 

46704.5606 

8.08E-01 

-9.42E-01 

0.137999969 

-0.013301202 

-2.66024E-07 

0.497738642 

6.53E-02 

47391.40438 

8.10E-01 

-9.40E-01 

0.139999943 

-0.01349397 

-2.69879E-07 

0.504952153 

6.63E-02 

48078.22755 

8.12E-01 

-9.42E-01 

0.137999969 

-0.013301202 

-2.66024E-07 

0.497738642 

6.73E-02 

47391.40438 

8.14E-01 

-9.42E-01 

0.137999969 

-0.013301202 

-2.66024E-07 

0.497738642 

6.83E-02 

47391.40438 

8.16E-01 

-9.38E-01 

0.141999977 

-0.013686745 

-2.73735E-07 

0.512165881 

6.93E-02 

48765.07133 

8.18E-01 

-9.38E-01 

0.141999977 

-0.013686745 

-2.73735E-07 

0.512165881 

7.03E-02 

48765.07133 

8.20E-01 

-9.38E-01 

0.141999977 

-0.013686745 

-2.73735E-07 

0.512165881 

7.14E-02 

48765.07133 

8.22E-01 

-9.38E-01 

0.141999977 

-0.013686745 

-2.73735E-07 

0.512165881 

7.24E-02 

48765.07133 

8.24E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

7.34E-02 

49451.89451 

8.26E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

7.45E-02 

49451.89451 

8.28E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

7.55E-02 

49451.89451 

8.30E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

7.66E-02 

50138.73828 

8.32E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

7.76E-02 

50138.73828 

8.34E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

7.87E-02 

50138.73828 

8.36E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

7.97E-02 

50138.73828 

8.38E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

8.08E-02 

50138.73828 

8.40E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

8.18E-02 

50138.73828 

8.42E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

8.29E-02 

50138.73828 

8.44E-01 

-9.32E-01 

0.147999959 

-0.014265056 

-2.85301E-07 

0.533806631 

8.40E-02 

50825.56146 

8.46E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

8.50E-02 

50138.73828 

8.48E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

8.61E-02 

50138.73828 

8.50E-01 

-9.32E-01 

0.147999959 

-0.014265056 

-2.85301E-07 

0.533806631 

8.71E-02 

50825.56146 

8.52E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

8.82E-02 

50138.73828 

8.54E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

8.92E-02 

50138.73828 

8.56E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

9.03E-02 

50138.73828 

8.58E-01 

-9.32E-01 

0.147999959 

-0.014265056 

-2.85301E-07 

0.533806631 

9.14E-02 

50825.56146 

8.60E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

9.24E-02 

50138.73828 

8.62E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

9.35E-02 

50138.73828 

8.64E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

9.45E-02 

50138.73828 

8.66E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

9.56E-02 

50138.73828 

8.68E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

9.66E-02 

50138.73828 

8.70E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

9.77E-02 

49451.89451 

8.72E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

9.87E-02 

49451.89451 

8.74E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

9.97E-02 

50138.73828 

8.76E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

l.OlE-01 

50138.73828 

8.78E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

1.02E-01 

50138.73828 

8.80E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

1.03E-01 

50138.73828 

8.82E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

1.04E-01 

49451.89451 

8.84E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

1.05E-01 

49451.89451 

8.86E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

1.06E-01 

49451.89451 

8.88E-01 

-9.34E-01 

0.145999985 

-0.014072288 

-2.81446E-07 

0.52659312 

1.07E-01 

50138.73828 

8.90E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

1.08E-01 

49451.89451 

8.92E-01 

-9.36E-01 

0.143999951 

-0.013879513 

-2.7759E-07 

0.519379392 

1.09E-01 

49451.89451 

8.94E-01 

-9.38E-01 

0.141999977 

-0.013686745 

-2.73735E-07 

0.512165881 

l.lOE-01 

48765.07133 

8.96E-01 

-9.38E-01 

0.141999977 

-0.013686745 

-2.73735E-07 

0.512165881 

l.llE-01 

48765.07133 

8.98E-01 

-9.38E-01 

0.141999977 

-0.013686745 

-2.73735E-07 

0.512165881 

1.12E-01 

48765.07133 

9.00E-01 

-9.52E-01 

0.127999978 

-0.012337347 

-2.46747E-07 

0.461670649 

1.13E-01 

43957.24696 

9.02E-01 

-9.72E-01 

0.107999938 

-0.010409633 

-2.08193E-07 

0.389534453 

1.14E-01 

37088.91221 

9.04E-01 

-9.88E-01 

0.091999965 

-0.008867467 

-1.77349E-07 

0.331825709 

1.15E-01 

31594.26467 

9.06E-01 

-1 

0.08 

-0.007710843 

-1.54217E-07 

0.288544205 

1.15E-01 

27473.28407 

9.08E-01 

-1.008 

0.072 

-0.006939759 

-1.38795E-07 

0.259689784 

1.16E-01 

24725.95567 

9.10E-01 

-1.018 

0.062 

-0.005975904 

-1.19518E-07 

0.223621759 

1.16E-01 

21291.79516 

9.12E-01 

-1.024 

0.056 

-0.00539759 

-1.07952E-07 

0.201980943 

1.17E-01 

19231.29885 

9.14E-01 

-1.028 

0.052 

-0.005012048 

-1.00241E-07 

0.187553733 

1.17E-01 

17857.63465 

9.16E-01 

-1.034 

0.046 

-0.004433735 

-8.86747E-08 

0.165912918 

1.17E-01 

15797.13834 

9.18E-01 

-1.04 

0.04 

-0.003855422 

-7.71084E-08 

0.144272102 

1.18E-01 

13736.64204 

9.20E-01 

-1.046 

0.034 

-0.003277108 

-6.55422E-08 

0.122631287 

1.18E-01 

11676.14573 

9.22E-01 

-1.052 

0.028 

-0.002698795 

-5.39759E-08 

0.100990472 

1.18E-01 

9615.649426 

9.24E-01 

-1.058 

0.022 

-0.002120482 

-4.24096E-08 

0.079349656 

1.18E-01 

7555.15312 

9.26E-01 

-1.062 

0.018 

-0.00173494 

-3.46988E-08 

0.064922446 

1.18E-01 

6181.488917 

9.28E-01 

-1.066 

0.014 

-0.001349398 

-2.6988E-08 

0.050495236 

1.18E-01 

4807.824713 

9.30E-01 

-1.068 

0.012 

-0.001156627 

-2.31325E-08 

0.043281631 

1.18E-01 

4120.992611 

9.32E-01 

-1.072 

0.008 

-0.000771084 

-1.54217E-08 

0.02885442 

1.19E-01 

2747.328407 

9.34E-01 

-1.074 

0.006 

-0.000578313 

-1.15663E-08 

0.021640815 

1.19E-01 

2060.496306 

9.36E-01 

-1.076 

0.004 

-0.000385542 

-7.71084E-09 

0.01442721 

1.19E-01 

1373.664204 

9.38E-01 

-1.076 

0.004 

-0.000385542 

-7.71084E-09 

0.01442721 

1.19E-01 

1373.664204 

9.40E-01 

-1.076 

0.004 

-0.000385542 

-7.71084E-09 

0.01442721 

1.19E-01 

1373.664204 

9.42E-01 

-1.08 

0 

0 

0 

0 

1.19E-01 

0 

9.44E-01 

-1.078 

0.002 

-0.000192771 

-3.85542E-09 

0.007213605 

1.19E-01 

686.8321018 

9.46E-01 

-1.08 

0 

0 

0 

0 

1.19E-01 

0 

9.48E-01 

-1.08 

0 

0 

0 

0 

1.19E-01 

0 

9.50E-01 

-1.08 

0 

0 

0 

0 

1.19E-01 

0 

9.52E-01 

-1.08 

0 

0 

0 

0 

1.19E-01 

0 

9.54E-01 

-1.08 

0 

0 

0 

0 

1.19E-01 

0 

9.56E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.58E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.60E-01 

-1.08 

0 

0 

0 

0 

1.19E-01 

0 

9.62E-01 

-1.08 

0 

0 

0 

0 

1.19E-01 

0 

9.64E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.66E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.68E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.70E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.72E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.74E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.76E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.78E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.80E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.19E-01 

-686.8321018 

9.82E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

9.84E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

9.86E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

9.88E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

9.90E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

9.92E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

9.94E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

9.96E-01 

-1.084 

-0.004 

0.000385542 

7.71084E-09 

-0.01442721 

1.18E-01 

-1373.664204 

9.98E-01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.002 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.004 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.006 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.008 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.01 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.012 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.014 

-1.08 

0 

0 

0 

0 

1.18E-01 

0 

1.016 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.018 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.02 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.022 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.024 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.026 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.028 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.03 

-1.08 

0 

0 

0 

0 

1.18E-01 

0 

1.032 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.034 

-1.082 

-0.002 

0.000192771 

3.85542E-09 

-0.007213605 

1.18E-01 

-686.8321018 

1.036 

-1.08 

0 

0 

0 

0 

1.18E-01 

0 

Appendix  E  Manufacturing  Quote  and  Proposal 


ml  FLORIDA 

INTERNATIONAL 
I  UNIVERSITY 

Engineering  Manufacturing  Center 
PROPOSAL 


CUSTOMER:_Jonathan  Gomez  PID_  Dept:_MME_ 

Contact  #  786-553-73 1 2  Email  jgome074@fiu.edu 

PROPOSAL:  MME-022312  date:  02-23-2012 

REF.  Torsional  Bar  components 
Project  Scope: 

Machine  from  customer  supplied  material  and  drawings  (1”  dia  x  6”  long  6061  Al),  1-set  (2 
pieces)  12  holes  configuration  and  one  set  (2  pieces)  6  hole  configuration  sample  holding  shafts. 
ALSO  modify  steel  plate  provided  by  the  EMC  by  adding  8-  threaded  holes  !4-20  to  allow 
clearance  in  bearing  block  holes  which  are  .312” 


Est  Labor  cojts_$195.  00  Est.  Material/Tooling  costs:  15.00  TOTAL  COST:  _$210.00 
Estimated  Completion  Time  :  1-week 

(Work  begins  when  signed  agreement  form  and  ED  Transfer  is  retamed  and  materials  have  been 
received) 


If  you  agree  to  the  above  proposal,  please  sign  below.  Also  an  ID  Transfer  must  be 
completed  using  information  on  page  2.  Fax  a  copy  of  both  the  Proposal  and  ID  Transfer 
and  mail  originals  to  the  address  below.  Once  a  completed  faxed  copy  and  materials  have 
been  received  we  will  begin  work. 

/  approve  and  accept  this  proposal  for  the  above  named  Student,  Faculty  or  Staff 
(Note;  Must  be  signed  by  aiytO  Transfer  approving  authority) 

Sign  _ Dale^Sftjj^  Print  Name  1MiJk}0(StU) 

Terms: 

Changes  to  the  design  after  estimate  is  given  will  have  to  be  evaluated  and  could  result  in  additional  costs.  Above  is 
only  an  estimate  and  actual  labor  costs  could  be  more  or  less  depending  on  actual  build  times.  If  final  cost  will  be 
above  estimate  given,  you  will  be  contacted  prior  to  completion  of  the  project  in  order  to  give  your  approval  of  any 
additional  costs  and  another  ID  Transfer  must  be  issued. 

L 


Fin-Engineering  Manufacturing  Center  (Rm:  OU-1 18)  -  lOSSS  W.  FUgler  Street  -  Mail  Stop  EC  3475  •  Miami.  FL  33174 
Phocc:  305-348-6557  Fax:  305-348-6557 


Appendix  F  Calibration  Information 


??771T 


FEATURES 

t  Limits  torque  applied  «*ith  reduced-friction  release 
meclianism. 

»  Can  be  used  wtb  confidence  in  all  automotive,  aircraft, 
marine  and  industrial  applications. 

•  Operates  and  ratchets  in  both  riglit  and  left  tend 
directions,  May  be  used  for  uncontrolled  wrenching  as 
long  as  torque  does  not  exceed  maximum  capacity. 

*  Lock  nng  prevents  accidental  change  of  tonjje  setting. 

«  Durable  aluminum  handle  features  an  easy  lo  grip 
diamond  knurt  surface  and  scratch  resistant  anodized 
coating. 

«  Ratchet  action  requires  only  1 0  degrees  handle  travel. 

«  May  be  used  continually  at  maximum  torque  capacity, 

♦  Mechanism  protected  from  routine  contamination. 

♦  Finished  with  lough,  durable  chromium-nickel  plating. 

«  Wrench  made  of  highest  qualify  heat-treated  steel. 

SUGGESTIONS 

Proper  use  of  this  professional  torque  wrench  wil  give  you  j 

complete  satisfaction  in  its  performance  and  reliability.  I 

Following  are  some  helpful  tips: 

1 .  Greater  torque  accuracy  is  assured  by  gripping  it  properly. . 
Grasp  the  GRIP,  not  the  SHAR,  and  pull  smoothly. 

2.  Each  torque  wrench  is  lubricated  belore  leaving  the  lactory. 
If  it  has  not  been  used  for  some  time,  it  should  be  operated 
several  times  lo  re-distribute  the  lubricant  wi'lhin  the 
working  mechanism. 

3.  Never  attempt  to  turn  the  GRIP  when  the  LOCK  RING  is  in 
the  "LOCIC  position. 

4.  Never  set  for  higher  or  lower  torque  values  than  those 
indicated  on  your  wrench. 

5.  For  greater  accuracy,  clean  all  thread  surfaces  and  remove 
any  burrs  on  the  fasteners  being  used. 

6.  WARNING  -never  use  your  torque  wrench  lo  apply  more 
torque  that  its  rated  capacity. 

7.  his  not  necessary  to  return  this  wrench  to  its  lowest 
calibrated  value  after  use  unless  it  is  to  be  stored  for  an 
extended  period  of  time. 

DO  NOT  OVERTORQCE 


CERTinCATION 

This  torque  wrench  is  certified  to  have  been  calibrated  prior  to 
shipment  to  accuracy  of  +/■  3%  in  the  clockwise  direction  on 
readings  from  20%  to  tOO%  of  capacity.  On  readings  below 
20%  of  capacity,  the  accuracy  is  +/-  one  scale  increment 

REPAIR  AND  CAUBRATION  SERVICE 

Periodically,  all  torque  wrenches  should  be  checked  lor 
accuracy.  Art  out  of  calibration  torque  wrench  cart  cause  part 
or  tool  breakage,  flecalrbralron  should  be  done  at  least  once  a 
year,  or  every  5000  torque  application  cycles,  whichever 
comes  first.  Recalibration  is  also  recommended  alter  any 
abnormal  handling. 

WARRANH 

Armstrong  Torque  Products  are  warranted  lo  (I)  be  tree  of 
defects  in  material  and  workmanship,  and  (2)  meet  out  of  the 
box  calibration  accuracy  standards  as  stated  in  the  product 
literature.  Accuracy  standards  for  calibration  are  warranted  for 
90  days  from  date  of  purchase.  Products  for  which  Warranty 
Repair  is  requested  should  be  relumed,  at  Buyer's  cost,  for 
evaluation  to: 

Angle  Repair  &  Calibration  Service,  Inc. 

175  Angle  Drive 

Beckley.  West  Virginia  25801 

(304)253-5729 

Armstrong  Torque  Products  are  precision  instruments  that 
contain  moving  parts.  These  components  are  subject  lo 
normal  wear  through  use  and  replacement  thereof  is  the 
responsibility  of  Buyer.  Torque  Products  should  be  routinely 
checked  lor  calibration  at  an  Authorized  Repair  Center  using 
Armstrong  repair  parts. 

This  Warranty  shall  not  apply  to  Products  which  have  been 
misused,  abused,  damaged  by  accident  or  othervrise,  repaired 
by  anyone  other  than  an  Authorized  Repair  Center  or  modified 
by  anyone  other  than  Apex  Tod  Group  and  is  in  lieu  ol  all  other 
warranties,  whelher  expressed,  implied,  or  statutory.  THE 
IMPLIED  WARRANTIES  OF  MERCHANTABILITY  AND 
FITNESS  FOR  A  PARTICUIAR  PURPOSE  ARE 
SPECIFICALLY  EXCLUDED,  Buyer's  sole  and  exclusive 
remedy  for  breach  ol  this  Warrant  is  at  the  option  ol  Danaher 
Tool  Group,  repair  or  replacement  ol  the  defective  Product.  IN 
NO  EVENT  WILL  APEX  TOOL  GROUP  BE  LIABLE  FOR  ANY 
INDIRECT  SPECIAL.  INCIDENTAL,  CONSEQUENTIAL,  OR 
PUNITIVE  DAMAGES  ARISING  FROM  BREACH  OF  THIS 
WARRANTY,  EVEN  IF  APEX  TOOL  GROUP  HAS  BEEN 
ADVISED  OF  THE  POSSIBILITY  OF  SUCH  DAMAGES. 

For  lurther  information  on  Armstrong  Torque 

Products  or  Authorized  Repair  Centers,  please 

contact  us  at 

APEX  Tool  Group 

Armstrong  Indusbial  Hand  Tools 

(800)866-5753 

All  Armstrong  Dial  Indicating  Torque  Wrenches 
comply  with  both  American  Standard  ANSI/ASME 
B107.14M,  and  International  Standard  ISO  6789 
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EXAMPLES  S  'ORCjE  SlTT.NGS 


-CW  '0  APPl^  ;;^GuE 


WRENS- 

tAi;NC'<-[lt  15;  l^e  -2CK  R:!\G  ' 

ioc<  jos'ii.".  Jcn'05C  to  the  cajtsliti?  trechontsm  zq  c:c. 


l.Io  unlock,  hole  hcncle  G'fi-' 
lit*  one  hoed  one  1st  tlii 
lock  Ring  CiOck*«  uni  it 
stops 


I  fCC'-i’^iAlS ! 

■ 

r  ;  c  :4i: 

■?  IM'HOUi 


2.Rotote  GRIP  ufitil  "O'  o'l  l^s 
thimble  scale  mhEi  :ne 
priinofy  nifubsr  of  tbs  desiiec 
torque  yolue  on  thf  SHAFT 
MAIN  scale. 


^.Contirtiie  rolQlifig  tne  GRT^  ''  ihe 
desired  terquf  vawe  Is  tcimstn 
{he  primory  nurrsijens  0^  Ine 
MAIN  SCALE.  Add  [he 
seccndcfy  ocfr^ber  0^  {he 
TH1M3LE  SCALE  lo  Ine  onrricry 
njinfcer  on  the  MAIN  SCALE  to 
ochieve  the  desirec  torque 
volue. 


4. To  loc<  wrerch,  hold  hanflie 
GRIP  with  one  bond  ond  L/n  th? 
lock  ring  coL'nlercloc^wise 
until  i;  slops. 


NOTE:  Mony  mode's  "cre  boti  Amo'iccr  Stonderd  and  Metric 
Socles  on  the  seme  wired. 

The  Wom  Scale  Arr'.'c'''cC''-  5‘cnccrC  grcduotions  d'e  on  ;ne 
[tont  of  the  ond  ihe  Thlmdie  Scale  groduotloTiS  ore 
closest  to  the  oevetfc  edee.  The  Stole  MstriC 
grcduclicrs  ore  on  ine  'eveise  sice  0'  the  shell  ord  the 
Ihlmtile  Scole  Meirli  areduntions  C'e  below  the  Americch 
Slondord  groduotions. 


11  to  9  e  71 


eVW-«T[Bjj 

«r.7-v^ 

'H.K 

l«5.7v 

1^359,^ 

^287 

3  2  I  0  14 
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TEXAW^iE- STANDARD 
I  Fyi  c  loipue  seltirg  cf  94  fool 
;  pounds,  rotete  GRIP  until  the  ’0"  on 
j  Ine  "“^IMBLE  SCALE  is  Olignec  with 
I  Ihe  '8S'  on  the  "FTiB."  MAN 
I  SCALE, 

■  Continue  rototing  GRIP  clockwise 

,  until  the  Y'  on  the  THIMBLE  SCALE 
Is  aligned  with  the  center  line  or  the 
"FT  l.B  '■  MAIN  SCALE.  The  wrench 
'S  now  set  cl  94  fool  pourdS- 

Pui  Ehe  LjC<  ring  In  the  lock 
posdior  oetore  using. 

■  EXAMPLE  ■  METRIC 

:  For  0  torque  setting  of  IO0.8  Newton 
;  neiers,  ro;o1e  GRIP  until  Ihe  ’0"  on 
I  !re  TH:M3LE  SCALE  is  aligned  with 
the  *'04.4"  on  the  "N.m"  MAIN 
SCALE 

Contnue  rototing  GRiP  clockwise 
I  unti  the  "1.4'  on  the  Metric  THIMB,.E 
-  SCALE  is  ollgned  with  the  center  line 
0!  the  "N.m,"  MAIN  SCALE. 

^he  wrench  is  new  set  ol  105.8  N.m 
(:34A  414  =  105.8),  Pul  the  LOCK 
R:NG  in  the  lock  posiiion  before 

•jSiog. 


GRIP  lock  ring  THiy.BLE 


thimble  scale  main  scale 


‘  'iis  kkrometer  Acjustobie  'c’cue  ft'rcnch  is  aesigned  so 
t^cl  w'en  'orce  Is  propfihy  2pO'€C  to  t'le  hondgrip,  on  Ouflible 
sig*!::  end/or  impulse  (eel  w  1 1'-Jiccis  ihct  the  desired  to'que 
>'05  been  ettoinec.  Dp  NO'  pJ  beyonc  this  point, 


CAtyFON:  The  auciole  sig''Ci/cr  roulse  teel  is  on 
Inc'nAtor  thcl  the  proper  io'ouc  ncs  been  otloined.  Over 
•.D'cuirig  beyond  these  sicncs  coud  cause  tcslener  foilure. 


AdditiOntiiry,  when  wrench  is  set  0:  luw  end  ol  the  torque  'onge, 
lie  degree  of  signoi  and  Irtpuise  will  be  less  Ihon  whei^  set  at 
he  high  end  Of  the  ronce  The’etqre,  core  must  be  token  ot 
low  end  of  scole  to  heor  signe  c*  ^eel  impulse, 

2.  ic  properly  opply  torque,  c'tocn  socket  securely  on  terque 
wrench  squore  drive  end  position  socket  on  lostener  so  thot 
{lltirrg  «■';  not  occur.  C'CSji  he  center  of  hend  grip  end  apply  o 
slew  steodily  Increosiirg  'orce  petpendicjicr  (90  degrees)  lb  me 
torque  wench  body  Cfd  peroendiculc’  (90  decrees)  to  the  center 
line  ct  ine  squcre  d''ve,  socket.  0-0  Icstener 

5.  "urn  the  (ostener  down  with  0  smooth  and  even  force 
opplied  lo  the  hondie  of  he  x-’Cue  wench,  As 
iurrtng  reslslofice  increoses  pu'l  mcfe  slowly.  To  ossure 
cccjrocy,  the  fosterer  must  oe  in  '■loHo-  when  the  torque 
meosurerr.enl  Is  mode. 

WARNING:  Any  chonge  I'om.  the  obeve  procedure  will 
result  in  0  chonge  of  torque  te  ic  cppl'ed.  This  includes 
stohderd  torque  wrenches.  1e*  head  torque  wrenches,  unive'scl 
jolnls,  ord  universal  sockets  DO  NOT  USE  universal  joints  or 
universal  sockets  due  tc  the  cornpievity  of  delernirinq  the 
cssocioled  error,  if  you  need  ongulor  access,  use  c  flex  head 
torque  wrench  ond  compute  the  ossociotefl  error  as  indicated  below 

flex  torque  wrenches 

To  compute  the  torque  heng  copke  by  0  He*  head  torque  wrench: 
Torque  oppiled  =  Cosine  (/mgie  of  He*}  *  Wrerch  settmg 
Wrench  setting  =  (Torque  fequliedj/Ccsire  (Angle  of  fb) 

I.E.  'ilith  neoti  flexed  20"  one  'eculred  torque  =  100  ff-tbs. 

Wtench  setting  =  *0C  L-  bs/CosihE  20'  =  1C6.4  fl-lbs 


EXTENSIONS 

When  it  is  r^fcessory  tc  use  c"  extension  Inot  chonges  the 
e'lective  lever  ler^glh  cf  he  ;?rc,ie  wrenen,  rerque  behg 
opplied  till  chonge  Compute  odiusimenls  cs  follows: 


Tkl' :  Torque  set  or-  wrench 

Ti  -  Torque  opplied  by  he  extension  lo  the  fostener 


Til  =  (TE  X  L)  /  (L  +  t) 
T:  =  (TW  X  (L  *  [)]  /  L 


NOTICE  Socket  exlens'iof;  bore  the;  are  oxlciiy  in  line  wilii 
Ihe  squore  drive  do  not  cause  emor  ond  need  no  odjustmenl. 


Appendix  G:  Stress  vs.  Strain  Diagrams  for  Transmitter  Bar 


Stress  Strain  (6  Screws)  -  Transmitter 


Shear  Strain 


- 300M  Steel 

Eglin  Steel 


Figure  70  Shear  Stress  and  Strain  Diagram  for  6  Set  Screws-Transmitter 


Stress  Strain  (8  Setscrews)  -  Transmitter 
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Figure  71  Shear  Stress  and  Strain  Diagram  for  8  Set  Screws-Transmitter 


Stress  Strain  (10  Screws)  -  Transmitter 


300M  Steel 
Eglin  Steel 


Figure  72  Shear  Stress  and  Strain  Diagram  for  10  Set  Screws-Transmitter 
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Stress  Strain  (12  screws)  -  Transmitter 


•300M  Steel 
Eglin  Steel 


Figure  73  Shear  Stress  and  Strain  Diagram  for  12  Set  Screws-Transmitter 


Appendix  H:  Apparatus 


Figure  74  Oscilloscope  TDS  2024B 


